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FOREWORD 


This  report  summarizes  the  results  of  research  activities  supported 
by  the  Army  Research  Office  grant  DAAG29-81-K-0039.  The  research 
objectives  outlined  in  the  original  proposal  were:  (1)  To  design 
equipment  for  characterizing  the  permeability  and  selectivity  of  glassy 
polymers  to  pure  and  mixed  gases;  (2)  To  provide  a  data  base  for 
mixed-gas  permeabilities  In  glassy  polymers;  and  (3)  To  test  the 
validity  of  the  proposed  "generalized  dual-mode"  model.  This  research  Is 
expected  to  lay  the  ground  work  for  describing  the  transport  behavior  of 
gaseous  penetrants,  pure  or  mixed,  in  glassy  polymeric  materials. 

We  have  achieved  these  goals  by  completing  a  systematic  study  on  the 
permeation  of  CO2,  CH4  and  CO2/CH4  mixture  in  a  rigid  glassy  polymer, 
Kapton  polyimide;  and  the  permeation  of  CO2  in  the  presence  of  water 
vapor  and  Isopentane  vapor,  respectively,  in  a  tough  but  less  rigid 
glassy  polymer,  Lexan  polycarbonate.  The  results  of  these  studies 
indicate  that  penetrants  in  a  gaseous  mixture  compete  with  each  other  for 
diffusion  paths  provided  by  the  mlcrovoid  sorption  sites  existing 
typically  in  a  glassy  polymer  when  the  polymer  was  vitrified. 
Manifestation  of  this  competition  effect  results  in  the  commonly  observed 
"anomaly"  for  the  permeability  of  glassy  polymers  to  mixed  penetrants. 

Specifically,  the  permeability  to  a  given  penetrant  in  a  mixture  is 
depressed  from  Its  pure-component  value  simply  due  to  the  competition 
effect.  If  the  penetrants  involved  have  large  differences  in  their 
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condensibility,  the  more  condensible  one  tends  to  swamp  the  microvoids 
such  that  the  permeability  to  the  other  component  is  greatly  reduced  even 
If  the  partial  pressure  of  the  more  condensible  penetrant  is  relatively 
low.  The  observed  depression  of  CO2  permeability  in  the  presence  of 
water  or  isopentane  Is  a  manifestation  of  this  effect  although  there 
appears  to  be  complications  in  addition  tw  model  prediction  in  the 
case  of  water/C02  system.  These  findings  have  significant  implications 
In  describing  the  selective  permeation  of  polymeric  media  to  gaseous 
penetrants. 

In  the  course  of  our  studies,  we  realized  that  even  a  rigid,  tough 
polyimide  oftenly  quoted  for  its  chemical  stability  is  susceptible  to 
attack  by  a  strong  nucleophile,  ammonia.  In  order  to  describe  the 
penetration  of  ammonia  into  the  Kapton  polyimide  film,  numerical 
solutions  for  a  multiple-reaction/diffusion  model  have  been  obtained.  We 
further  find  that  the  permeability  of  the  ammonia-treated  film  to  a 
series  of  gases  Is  greatly  reduced  compared  with  that  of  the  pristine 
film.  This  reduction  In  permeability  Is  caused  by  a  substantial  decrease 
in  the  diffusivity  of  the  penetrant  in  the  ammonia- treated  films  rather 
than  in  the  solubility  of  the  penetrant,  as  our  data  demonstrated.  These 
findings  support  the  feasibility  of  Improving  the  barrier  properties  of 
polymeric  materials  through  minor  chemical  modification  by  exposing  the 
polymer  to  reactive  penetrants.  These  results  also  lead  us  to 
Investigate  a  commercial  process,  namely  the  fluorlnation  of  polyethylene 
for  Improved  barrier  property  to  various  liquid  penetrants,  as  described 
below. 
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Through  ESCA  and  permeability  measurements,  we  found  that 
high-temperature  fluorination  results  in  a  relatively  well-defined 
surface  fluorinated  layer,  which  is  controlled  by  the  diffusion  rate  of 
fluorine.  On  the  other  hand,  fluorination  of  polyethylene  films  at  room 
temperature  tends  to  be  reaction-controlled  which  results  in  a 
distribution  of  fluorine  atoms  throughout  the  thickness  of  the  film. 

This  latter  process  was  demonstrated  to  be  ineffective  in  improving  the 
barrier  properties  of  both  HDPE  and  LOPE  to  a  series  of  liquid  penetrants 
with  cohesive  energy  ranging  from  8  to  9  (cal/cm^)^.  We  found  that  the 
fluorination  process  alters  both  the  diffusivity  and  solubility  of  those 
penetrants  in  polyethylene.  However,  It  also  tends  to  decrease  the 
crystallinity  of  the  semi  crystal  line  polymer,  which  will  serve  to 
increase  the  permeability.  As  a  result,  we  Infer  that  a  concentrated 
fluorine  population  on  the  surface  layer  is  more  effective  in  changing 
the  cohesive  energy  of  the  polymer,  and  there  exists  an  optimal  amount  of 
fluorination  for  barrier  property  improvement  even  in  the  case  of 
high-tempearature  fluorination. 

As  demonstrated  by  this  study,  the  transport  of  simple  molecules  in 
glassy  polymers  can  be  described  satisfactorily  by  the  proposed  model. 
However,  progressively  more  complex  behavior  is  expected  to  arise  as  more 
interactive  and  even  reactive  penetrants  are  used.  We  believe  that  more 
involved  models  which  account  for  the  stress  field  induced  by  the 
Imbibition  of  penetrants,  and  the  viscoelasticity  of  the  polymer  may  be 
required  for  describing  the  transport  of  larger  and  more  interactive 
penetrants  including  some  of  the  chemical  warfare  agents. 


PROBLEMS  STUDIED 


Three  major  areas  are  Investigated  under  the  support  of  this 
research  grant.  Ail  are  related  to  the  transport  of  small  molecules  in 
polymeric  materials.  The  objectives  inclnrfp  barrier-property 
modification  and  selective  permeation  of  gaseous  penetrants  through 
polymers.  The  following  is  a  summary  of  the  specific  problems  studied: 


(1)  Measurement  and  modeling  of  the  permeation  of  superatmospheric 
pure  and  mixed  gases  through  glassy  polymeric  films.  Materials 
used  include:  C02,  CH4,  CO2/CH4  mixture,  CO2/H2O  mixture, 

CO2/ isopentane  mixture,  Lexan  polycarbonate,  and  Kapton  polyimlde. 

(2)  Modeling  of  the  diffusion  and  permeation  of  interactive  and  reactive 
penetrants  in  glassy  polyimlde  films.  Ammonia,  a  strong  nucleophile 
and  water,  a  strong  hydrogen- bonding  molecule  are  the  penetrants. 

(3)  Characterization  of  the  effects  of  both  hot-  and  cold-fluorination 
on  the  barrier  properties  of  high  density  polyethylene,  and  the 
difference  between  the  two  processes  in  terms  of  the  chemical  changes 
in  polyethylene  caused  by  the  fluorination  step. 


SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 


(1)  Derived  state-of-the-art  mathematical  models  for  multicomponent 
transport  of  gases  in  glassy  polymers  at  low  and  Intermediate 
concentrations  (<5  wt%). 

(2)  Performed  confirmatory  experiments  to  demonstrate  the  basic 
validity  of  the  theories  derived  and  to  suggest  areas  in  which 
additional  work  should  be  done  to  extend  the  theories,  such  as  the 
transport  of  large,  bulky  molecules. 

(3)  Demonstrated  that  a  model  based  on  multiple  penetrant-polymer 
reactions  coupled  with  diffusion  is  required  to  describe  the 
degradation  of  Kapton  polyimide  in  the  presence  of  ammonia.  Numerical 
solutions  of  the  proposed  model  are  obtained  using  a  finite 
difference  technique. 

(4)  Showed  that,  although  a  minor  change  in  the  glass  transition 
temperature  results  from  disruption  of  up  to  15%  of  the  imide  rings 
in  Kapton  by  ammonia,  the  barrier  properties  of  Kapton  polymimide  to 
SO2,  CO2,  CH4,  Ar  amd  O2  gases  are  profoundly  improved. 

(5)  Developed  a  simple,  inexpensive  permeation  cell  for  testing 
permeation  properties  of  rubbery  polymers  to  liquids. 
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(6)  Demonstrated  by  ESCA  and  permeation  testing  that  the  diffusion  of 
fluorine  controls  the  fluorination  of  polyethylene  at  high 
temperatures.  This  causes  a  fairly  well-defined  laminate 
structure  to  form  and  causes  significant  increases  in  the  barrier 
properties  of  polyethylene  to  penetrans  with  solubility  parameters 
in  the  range  of  8  to  9  (cal/cm^)^. 

(7)  Demonstrated  that  reaction  controls  the  fluorination  at  room 
temperature,  which  results  in  a  distribution  of  fluorination 
throughout  the  polyethylene  film.  This  cold  fluorination  is  much 
less  effective  for  building  good  barrier  properties  than  the  hot 
fluorination  where  the  fluorine  atoms  are  reacted  primarily  in  the 
surface  region  of  the  film. 

The  detailed  technical  Information  is  included  in  the  awarded  theses 
and  the  thirteen  papers  published  in  various  technical  journals  and  a 
handbook.  The  thesis  abstracts,  the  reprints  of  the  published  papers  and 
the  accepted  manuscripts  are  included  in  this  report  for  reference.  Only 
the  "table  of  contents"  for  publication  no.  12  is  included  due  to  its 
large  volume. 
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CHERN,  REY  TORN  Measurement  and  Modeling  of  Mixed  Gas 
Permeation  In  Glassy  Polymers(Under  the  direction  of  WILLIAM  J.  KOROS 
and  HAROLD  B.  HOPFENBERG). 

A  theoretical  and  experimental  study  of  the  permeabilities  of 
glassy  polymers  to  both  pure  and  mixed  gases  Is  presented  In  this 
dissertation. 

The  permeabilities  of  0.3  mil  Kapton  H  polylmlde  films  to  pure 
C02<  pure  CH4  and  mixtures  of  these  two  penetrants  were  measured  at 
three  system  temperatures(35,  45  and  60°C)  as  the  gas  phase  pressure 
was  varied  systematically  between  30  and  600  psla.  The  pure  gas 
permeabilities  decreased  with  Increasing  gas  pressure  and  were 
demonstrated  to  be  amenable  to  the  Interpretation  of  the  dual  mobility 
model.  For  the  32. ZX  CO2  In  CH4  mixture,  the  permeabilities  of  both 
CO2  and  CH4  were  lower  than  their  respective  pure  component  values  at 
the  corresponding  partial  pressures.  For  the  10.37%  CO2  in  CH4 
mixture,  similar  behaviors  were  observed  except  that  CO2 
permeabilities  were  slightly  higher  than  the  corresponding  pure  gas 
values. 

The  permselectivity  of  Kapton  H  to  CO2  over  CH4  dropped  as  the 
gas  phase  pressure  was  Increased  and  It  decreased  even  more 


The  presence  of  small  mole  fractions  of  condensable  vapors  such 
as  water  and  Isopentane  was  found  to  cause  significant  depressions  In 
the  permeabilities  of  Kapton  H  and  Lexan  polycarbonate  to  carbon 
dioxide. 

A  generalized  dual  mobility  moot'  was  developed  for  the  analysis 
and  Interpretation  of  the  experimental  results.  This  model  was 
derived  based  on  the  postulate  that  the  observed  pressure  and 
composition  dependencies  of  the  permeabilities  are  caused  by  the 
combined  effects  of  competition  between  penetrants  for  a  limited 
microvoid  sorption  capacity  In  the  glassy  polymer  and  thermodynamic 
nonideality  of  the  gas  phase.  A  comparison  between  model  predictions 
and  experimental  data  suggests  that  mechanisms  other  than  the  proposed 
simple  competition  may  be  also  operative  which  act  to  lower  further 
the  Individual  permeabilities  more  than  the  model  predictions. 

A  computer  program  was  developed  for  simulating  the  performance 
of  a  single  hollow  fiber  membrane  gas  separator  under  Isothermal 
conditions.  The  effects  of  various  process  variables  such  as  feed 
pressure,  feed  flow  rate  and  feed  composition  were  Investigated. 


ABSTRACT 


ILER,  LEWIS  RAYMOND.  Sorption  and  Transport  of  Anhydrous  Anmonia  in 
Kapton  Poly(ether-diimide) .  (Under  the  direction  of  WILLIAM  J.  KOROS.) 

Measurements  of  the  kinetics  and  equilibria  of  NH^  sorption  in 
0.1-mil  Kapton  poly(ether-diimide)  films  using  a  highly  sensitive  quartz 
spring  microbalance  are  reported  at  30,  45,  and  60°C  for  pressures  up 
to  0.80  atmospheres.  Sorption/desorption  kinetics  at  30°C  indicated 
that  initial  NH^  exposure  to  these  0.1-mll  etched  films  resulted  in 
a  small  undesorbable  ammonia  component  attributed  to  strong  NHypolymer 
interactions,  thereby  complicating  the  interpretation  of  both  solubility 
and  kinetic  data.  However,  extremely  short  exposure  times  were  needed 
to  satisfy  sorptive  equilibrium  in  these  ultra-thin  films,  minimizing 
any  substantial  polymer/penetrant  interactions.  For  all  three  tempera¬ 
tures  studied,  concave  curvature  of  the  sorption  isotherm  to  the  pres¬ 
sure  axis  was  observed.  The  so-called  "dual  mode  sorption  model" 
satisfactorily  described  these  equilibrium  isotherms.  Residual  solvent 
or  perhaps  unimidized  polyamic  acid  residues  present  in  the  0.1-mil 
etched  films  may  be  responsible  for  the  abnormal  Langmuir  affinity  con¬ 
stant  relationship  observed  as  a  function  of  temperature. 

NHj  sorption  kinetics  in  as-received  0.5-mil  Kapton  films  exhib¬ 
ited  significant  deviations  from  simple  Fickian  behavior  at  30°C.  A 
large  fraction  of  the  initially  sorbed  ammonia  remained  in  the  film 
after  extended  periods  under  vacuum  at  30°C  indicating  significant 
polymer/penetrant  Interactions.  Infrared  analysis  of  the  NH^-treated 
film  revealed  the  presence  of  new  carbonyl  and  nitrogen -hydrogen 


stretching  peaks,  nonexistent  In  the  as-received  film.  These  observa¬ 
tions  suggest  that  the  sorbed  ammonia  reacts  chemically  with  a  portion 
of  the  imide  linkages  present  in  the  polymer  film.  The  scission  reac¬ 
tion  appears  to  Involve  nucleophilic  attack  of  the  backbone  imide  link¬ 
ages  by  ammonia,  resulting  in  the  format™  of  both  primary  and  secondary 
amides.  Rapid  attack  of  NHj  with  uncyclized  carboxylic  acid  groups 
is  believed  to  be  responsible  for  a  small  portion  of  the  irreversibly 
sorbed  NH3  component.  These  uncyclized  carboxylic  acid  groups  arise 
in  the  as-received  polymer  films  due  to  incomplete  polyimide  curing 
and  are  present  in  small  but  significant  concentrations.  The  diffusion 
coefficient  of  desorption  lies  approximately  30  times  lower  than  the 
expected  NH3  mobility  determined  from  strictly  size-dependent  factors 
based  on  diffusion  coefficient  values  of  other  penetrants  in  Kapton. 

The  low  NH3  diffusivity  value  can  be  explained  on  the  basis  of  an  addi¬ 
tional  activation  energy  contribution  of  approximately  2  kcal/mole, 
which  arises  from  the  need  to  overcome  strong  specific  NH3/Kapton  inter¬ 
actions  prior  to  executing  a  diffusional  jump,  and  is  of  a  reasonable 
order  of  magnitude  for  hydrogen  bonding  interactions. 

The  general  equations  for  the  kinetics  of  the  successive  processes 
of  diffusion  of  a  reagent  into  a  film  followed  by  an  irreversible  chemi¬ 
cal  reaction  were  applied  to  describe  actual  ammonia  uptake  in  these 
thin  Kapton  films.  A  pseudo  first-order  chemical  reaction  expression 
describes  the  ammonolysis  reaction  during  relatively  short  exposure 
times  at  both  low  and  high  NH3  pressures  in  0.3-mil  Kapton  films.  Sig¬ 
nificant  deviations  from  the  simple  pseudo  first-order  reaction  kinetics 


occur  at  low  extents  of  imide  reaction  (6  to  10*  bond  disruption). 


consistent  with  the  existence  of  a  distribution  of  imide  reactivities 
brought  about  during  the  final  polyimide  solid  state  curing  step.  A 
second-order  kinetic  expression  satisfactorily  describes  intermediate 
sorption  data  but  deviates  significantly  from  actual  armonia  uptake 
at  much  longer  times.  A  model  incorporating  diffusion  and  a  simplified 
distribution  of  reactivities  is  proposed  to  describe  the  sorption  data 
over  extended  time  periods,  up  to  the  point  at  which  the  ammono lysis 
reaction  asymptotically  approaches  zero. 

The  kinetics  and  equilibria  of  S02,  a  relatively  noninteractive 
penetrant,  in  both  as-received  and  NH^-treated  0.3-mil  Kapton  polyimide 
films  were  measured  at  30°C  for  pressures  up  to  0.70  atm.  The  curved 
Isotherms  were  well  described  by  the  dual  mode  sorption  model  and  were 
not  superimposable  before  and  after  ammonia  treatment  of  the  polyimide 
film.  Although  the  resulting  sorption/desorption  kinetics  were  Fickian 
in  nature,  the  apparent  mobility  of  S02  in  the  NHj-modified  film  was 
reduced  substantially,  due  presumably  to  an  increase  in  the  apparent 
activation  energy  associated  with  diffusion  as  a  result  of  specific 
S02/ amide  interactions. 

Based  on  infrared  analysis  of  the  NH^-exposed  Kapton,  heating 
the  polymer  sample  under  vacuum  at  elevated  temperatures  caused  reforma¬ 
tion  of  most  of  the  originally  disturbed  imide  structures  with  attendant 
evolution  of  ammonia  as  a  condensation  product  as  well  as  slight  chain 
scission.  The  NH3-treated  sample  regained  a  portion  of  its  mechanical 
integrity  upon  annealing  but  was  more  brittle  and  slightly  darker  in 
color  than  the  as-received  film. 


ABSTRACT 


AL-HUSSAINI,  HAITHAM  SAVED  AHMAD.  Penetrant  Permeation  through 
Fluorinated  and  Untreated  Polyethylene  Films.  (Under  the  direction 
of  WILLIAM  J.  KOROS  and  H.  B.  HOPFENBERG.) 

The  permeabilities  of  seventeen  solvents  through  20-mil  films 
of  untreated  and  partially  fluorinated  high-density  and  low-density 
polyethylene  (HOPE,  LOPE)  were  measured  at  40#C  to  determine  the  effec¬ 
tiveness  of  fluorination  for  improving  the  barrier  properties  of  these 
polymers.  Electron  spectroscopy  for  chemical  analysis  (ESCA)  was  used 
to  determine  the  effects  of  cold  and  hot  fluorination  on  HDPE  and  LOPE. 
Also,  ESCA  was  used  in  conjunction  with  plasma  etching  to  determine 
the  effects  of  the  gas  phase  fluorine  concentration  and  fluorination 
time  on  the  chemical  structure  of  the  treated  film. 

A  novel  permeation  cell  was  designed  to  carry  out  the  permeation 
measurements  based  upon  a  weight  loss  method.  The  design  is  based  on 
two  symmetrically  opposed  metal  o-rings  integral  to  the  top  and  bottom 
sealing  surfaces.  The  cell  contains  a  drilled  blind  female  nut,  a  male 
nut  and  a  gland.  The  measurements  were  carried  out  in  a  control led- 
temperature  environment  with  an  air  distribution  system  to  ensure  zero 
activity  of  the  penetrant  at  the  outside  of  the  film,  by  sweeping  away 
the  penetrant  at  the  outside  surface  of  the  film  immediately  after  it 
diffuses  through  the  film. 

The  permeabilities  measured  fall  between  1.38  x  10“7  and  54.2 
x  ID*7  (cc  (STP)  cm)/cm^  sec  for  HDPE  and  between  2.5  x  10*®  and  35.2 
x  10”®  (cc  (STP)  cm)/cm^  sec  for  LDPE.  The  solvents  used  have 


solubility  parameters  falling  between  7.0  and  9.93  (cal/cc)*72.  The 
permeabilities  through  HOPE  and  LOPE  did  not  correlate  with  the 
solubility  parameters  of  these  solvents.  A  much  more  improved  correla¬ 
tion  was  obtained  for  HOPE  and  LOPE  when  the  permeabilities  were 
correlated  with  the  nonpolar  permachor,  suggested  by  Salame.  The  per- 
machor  parameter  incorporates  the  effect  of  penetrant  size  and  shape 

as  well  as  the  effect  of  solubility  parameter.  The  permeability  data 

-ft 

for  the  highest  level  of  fluorination  fall  between  4.0  x  10  and  22.6 
x  10”7  for  HOPE  and  between  1.4  x  10"6  and  29.1  x  10“6  (cc  (STP)  cm)/cm2 
sec. 

Cold  fluorination  of  LOPE  and  HOPE  was  shown  to  be  less  effective 
than  hot  fluorination  for  improving  film  barrier  properties.  ESCA 
analysis  shows  that  for  the  cold-treated  case,  fluorination  resulted 
in  a  gradual  fluorine  concentration  profile  through  the  polymer  matrix. 
On  the  other  hand,  for  the  hot-fluorinated  case,  a  well-defined  fluori- 
nated  layer  was  formed  after  fluorination  with  depths  not  exceeding 
a  few  hundred  angstroms  inside  the  polymer. 

DSC  analysis  of  cold-treated  and  untreated  HDPE  showed  a  7 X  drop 
in  the  crystallinity  of  the  treated  film.  The  reduction  in  crystal¬ 
linity  in  the  cold-treated  sample  presumably  offsets  the  effectiveness 
of  the  surface-fluorinated  layer's  barrier  contribution.  This  offset¬ 
ting  effect  presumably  arises  due  to  producing  additional  amorphous 
regions  through  which  permeation  can  occur. 
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YANG,  DYI-KANG  Sorption  and  Transport  studies  of  water  in  Kapton 
Polyimide  (Under  the  Direction  of  WILLIAM  J.  KOROS  and  VIVIAN  T. 
STANNETT) 

Sorption  isotherms  and  diffusion  coeificients  for  water,  measured 
by  gravimetric  sorption  on  a  quartz  microbalance,  in  0.3  mil  and  2  mil 
Kapton  polyimide  films  at  30°,  45°  and  60°C  are  reported.  A  permeation 
study  of  water  in  Kapton  using  the  modified  Daynes-Barrer  technique  at 
these  three  different  temperatures  is  also  reported. 

Evidence  of  chemical  interaction  of  water  with  Kapton  was  found  by 
gravimetric  and  infrared  techniques,  thereby  complicating  the 
interpretation  of  both  thermodynamic  and  kinetic  datat  Because  the 
time  to  reach  sorption  equilibrium  is  much  shorter  in  a  0.3  mil  film 
than  in  a  2  mil  film,  even  assuming  that  the  intrinsic  reactivity  is 
the  same  for  the  two  markedly  different  thicknesses  of  film,  different 
kinetic  responses  are  anticipated  and  were,  in  fact,  observed  depending 
simply  on  which  sample  thickness  was  studied.  Using  0.3  mil  Kapton, 
sorption  equilibria  could  be  studied  with  a  minimum  interference  from 
the  chemical  reaction.  This  information  was  then  used  to  aid  In  the 
Interpretation  of  the  2  mil  Kapton  sorption  where  more  reaction  could 
occur  prior  to  achievement  of  sorption  equilibrium. 


For  the  0.3  mil  Kapton/H^O  system,  the  sorption  equilibria  and 
kinetics  are  well  described  by  the  so-call  "dual  mode"  sorption  and 
transport  models  at  low  activities.  At  high  penetrant  activities, 
clustering  of  water  appears  to  occur  based  on  a  Zimm-Lundberg  analysis 
and  the  fact  that  the  diffusion  coefficient  for  water  decreases  with 
increasing  external  vapor  activity.  The  temperature  effect  on  the 
diffusion  coefficients  at  infinite  dilution  and  the  dual  mode  sorption 
parameter  kp,  b  and  Cr1  are  presented  and  discussed.  The  diffusion 
coefficient  for  water  ranges  from  4x10'^  to  2.4x10”^  cm^/sec  for 
temperatures  ranging  from  30°  to  60°C.  The  magnitude  of  the  activation 
energy  of  diffusion  coefficient  at  infinite  dilution,  5.43  Kcal/g-mole, 
is  smaller  than  the  corresponding  activation  energy  in  more  flexible 
chain  polymers,  perhaps  reflecting  the  fact  that  rather  small  backbone 
motions  are  required  to  permit  diffusion  of  water  through  the  Kapton 
matrix.  The  existence  of  unimidized  polyamic  acid  residues  and/or  a 
trace  solvent  residue  are  presumedly  responsible  for  the  form  of  the 
temperature  dependence  of  the  Henry's  law  parameter,  kp,  and  the 
Langmuir  affinity  parameter,  b. 

The  predictions  of  the  dual  mode  model  for  the  isoteric  enthalpy 
of  sorption  are  presented  and  compared  to  the  values  determined  from 
graphical  analysis  of  the  sorption  isotherms  which  was  performed 
Independently  without  reference  to  the  dual  mode  sorption  model. 


A  larger  amount  of  water  Is  Irreversibly  sorbed  Into  the  polymer 
at  the  high  sorption  temperature  compared  to  the  lower  temperature  even 
after  protracted  evacuation.  This  Irreversible  uptake  and  the  history 
dependence  of  the  sorption  kinetic  data  at  high  temperatures  and  vapor 
activities  appear  to  be  primarily  the  result  of  small  amount  of 
hydrolysis  of  unimidized  groups  prestnt  in  the  sample.  A  subtle 
microstructural  change  in  the  structure  of  Kapton,  the  formation  of 
many  polar  groups  and  oligomers  due  to  hydrolysis  are  all  believed  to 
cause  the  observed  increase  of  solubility  and  the  depression  of 
diffusion  coefficient,  respectively.  The  permeability  of  water  through 
Kapton  ranges  from  5.2  ~  3.7  x  10~®  [cc(STP)  cm/cm^-sec-cmHg]  over  the 
temperature  range  from  30°  to  60°C.  The  permeability  exhibits  a 
slightly  negative  apparent  activation  energy  equal  to  Ep,  -1.622 
Kcal/g-mole.  This  effect  presumabaly  results  from  the  rather  small 
diffusional  activation  energy  and  the  substantial  negative  enthalpy  of 
sorption  of  water  in  the  polyimide.  The  essentially  Fickian  behavior 
of  water  diffusion  in  Kapton  at  30°C  prior  to  the  occurrence  of 
substantial  reaction  is  confirmed  by  the  form  of  sorption  kinetic  data 
and  the  coincidence  of  the  experimental  and  predicted  time  lag 
calculated  using  Frisch's  method  for  concentration  dependent  diffusion 
coefficients.  The  kinetic  data  of  sorption  in  a  "passivated"  film  in 
which  most  of  the  highly  reactive  groups  bave  been  consumed  are  also 
well-fitted  by  the  Fickian  model.  The  effective  diffusion  coefficient 
(Deff),  calculated  from  steady  state  permeation  data  and  equilibrium 


sorption  data  were  found  to  be  In  the  range  1. 
1.4  x  10'®  cm^/sec  for  the  temperature  range  30°  to  60°C. 
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YUI,  ROBERT  EDWIN.  Sorption  and  Transport  of  Various  Gases  in 
Kapton  Polyimide.  (Under  the  direction  of  WILLIAM  J.  KOROS.) 

The  sorption  equilbria  of  carbon  dioxide  and  methane  were 
measured  at  45  and  60°  C  in  0.3  mil  ^pton  polyimide.  The  transient 
and  steady  state  permeation  of  carbon  dioxide  through  0.3  mil  Kapton 
was  measured  at  35°C.  Also,  steady  state  permeation  was  measured  for 
helium  and  a  helium/benzene  mixture  through  0.3  mil  Kapton  at  30° C. 

The  observed  sorption  isotherms  were  nonlinear  and  concave  to  the 
absicssa  (i.e.,  pressure  axis)  which  is  characteristic  of  the  typical 
behavior  of  a  gas/glassy  polymer  system. 

Atypical  of  the  "usual"  gas/glassy  polymer  system  was  the  absence 
of  initial  penetrant- induced  conditioning.  During  initial  methane 
isotherms,  after  carbon  dioxide  or  a  temerature  change,  the  sorption 
level  slightly  decreased  at  the  higher  pressures  (i.e.,  above  ca.  18 
atm).  It  was  proposed  that  this  is  a  manifestation  of  redistribution 
of  "volume  packets."  This  effect  was  apparently  "erased"  during  the 
subsequent  isotherms. 

The  Langmuir  capacity,  from  carbon  dioxide  and  methane 
measurements,  projected  a  Tg  far  below  the  reported  value  for  Kapton 
(ca.  400°C).  Also,  the  prediction  of  the  sorbed  molar  volume  of  a 


penetrant  In  the  glassy  state  of  a  polymer  (assuming  equally  available 
unrelaxed  volume  and  no  size  exclusion  effects)  indicated  that  Kapton 
ought  to  treated  differently  from  other  relatively  more  flexible 
glassy  polymers.  Also  attributed  to  the  extraordinary  stiffness  of 
Kapton  was  the  decrease  of  the  initial  sorption  levels  of  methane 
(only)  at  high  pressures. 

The  permeation  of  carbon  dioxide  through  Kapton  is  explainable  by 
the  dual  mode  sorption  and  partial  immobilization  models  up  to  180 
psia.  At  this  pressure  and  above,  and  35  °C,  plasticization  occurs. 
Predicted  time  lags  agree  with  the  experimental  ones-even  above  180 
psia.  The  agreement  above  180  psia  supports  a  mathematical 
observation  of  the  time  lag  being  a  weaker  function  of  the 
concentration  than  the  diffusion  coefficient. 

The  helium  permeation  apparently  is  in  agreement  with  the  dual 
mode  model,  however,  without  the  requisite  sorption  parameters  a 
definite  confirmation  is  not  possible. 


A  Model  for  Permeation  of  Mixed  Gases  and  Vapors  in 

Glassy  Polymers 


W.  J.  KOROS,  R.  T.  CHERN,  V.  STANNETT,  and  H.  B.  HOPFENBERG, 
Department  of  Chemical  Engineering,  North  Carolina  State  University, 
Raleigh,  North  Carolina  27650 


Synopsis 

A  model  is  discussed  which  explains  reported  complex  effects  of  feed  composition  and  pressure 
on  component  permeabilities  in  high-pressure  gas  separators  based  on  glassy  polymer  membranes. 
A  special  form  of  Kick's  law  which  accounts  for  the  fad  that  penetrants  in  glassy  polymers  sorb  into 
and  diffuse  through  two  different  molecular  environments  provides  the  basis  for  the  analysis  of  gas 
mixture  permeation.  Potential  deviations  from  the  theory  are  discussed  in  terms  of  separable  sol¬ 
ubility  and  mobility-related  effects 


INTRODUCTION 

Permselective  membranes  provide  an  attractive  approach  for  separating  small 
gas  molecules  such  as  hydrogen  and  helium  from  larger  molecules  such  as  carbon 
oxides  and  nitrogen.'  9  Depending  on  the  polymer  used,  the  ratio  of  permea¬ 
bilities  of  these  small  molecules  to  the  permeabilities  of  the  larger  molecules  can 
vary  from  less  than  0.5  to  over  300.*  Currently,  there  is  no  indisputable  expla¬ 
nation  for  the  existence  of  such  a  wide  range  of  selectivities.  It  is  known,  how¬ 
ever,  that  the  polymers  which  exhibit  the  most  attractive  selectivities  for  small 
molecules,  such  as  H  j  and  He,  compared  to  larger  molecules,  such  as  CO  ,.  CO, 
N-j,  and  CH^,  are  stiff-chain  glassy  polymers.  Glassy  polymers  exhibit  more 
complex  equilibrium  sorption  and  transport  behavior  than  do  rubbery  polymers, 
which  have  a  rather  low  ability  to  discriminate  between  large  and  small  molecules 
on  the  basis  of  permeability.'1 

For  rubbery  polymers,  in  the  absence  of  plasticization,  the  constituents  of  a 
multicomponent  gas  mixture  permeate  essentially  independently  of  one  an 
other.10 1 1  The  solubilities  and  diffusivities  measured  for  the  pure  components 
can  therefore  be  used  directly  in  mixed-gas  calculations;  i.e.,  cross  terms  in  the 
general  flux  expression1-  can  be  neglected.  In  the  interest  of  simplicity,  a  similar 
approach  will  be  used  for  glassy  polymers;  however,  the  fact  that  penetrants  in 
glassy  polymers  sorb  into  and  diffuse  through  two  different  molecular  environ¬ 
ments  must  still  be  accounted  for,  even  in  such  an  ideal  case,  to  explain  the  re¬ 
ported  data  for  mixtures.  It  is  known,  for  instance,  that  the  presence  of  a  “slow" 
gas  (CO  or  CH4)  can  reduce  the  permeability  of  a  “fast  ”  gas- :lh;  conversely,  the 
presence  of  a  fast  (H^  or  He)  gas  can  increase  the  permeability  of  a  slow  gas.* 
Finally,  the  presence  of  a  small  amount  of  water  or  hydrocarbon  vapor  in  the 
mixed  gas  feed  can  reduce  both  fast  and  slow  gas  permeabilities  by  as  much  as 
20-60*51,-’  with  a  net  result  that  the  observed  separation  factor  can  be  increased 
or  decreased  slightly  (10-20%)  but  is  usually  not  too  dramatically  altered.21 1 

Models  which  describe  the  sorption  equilibria  and  transport  processes  in 
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gas/glassy  polymer  systems  will  he  shown  to  he  consistent  with  the  data  and 
qualitative  observations  that  have  been  reported  for  high -pressure  gas  separators. 
Understanding  and  manipulation  of  the  phenomenon  of  superselectivitv  should 
be  of  considerable  value  in  guiding  the  selection,  processing,  and  in-use  conditions 
for  various  applications.  The  present  work  fr>cuses  primarily  on  steady-state 
transport;  however,  the  parameters  which  arise  from  analysis  of  the  pressure- 
dependent  permeabilities  can  be  used  to  treat  transient  transport  situations  as 
well 14  Although  it  is  not  of  primary  importance  in  terms  of  gas  separation,  the 
transient -state  transport  of  mixed  penetrants  in  glassy  environments  is  very 
important  in  such  applications  as  designing  gas  barriers  for  food  packaging,  steam 
stripping  of  toxic  monomers  from  glassy  polymers,  and  the  migration  of  residuals 
into  nackage  contents.  The  approach  outlined  in  the  present  paper  is  the  first 
step  toward  a  rational  treatment  of  these  more  complicated  problems. 

BACKGROUND 

Considerable  literature  exists  in  the  area  of  gas  separations  using  rubbery 
polymers. *-r’  24  Until  recently,  the  low  fluxes  associated  with  glassy  polymer 
membranes  have  precluded  their  use.  Now,  asymmetric  and  thin  supported 
membranes  in  hollow  fiber  configurations  provide  high  flux  capabilities2"’ without 
sacrificing  the  outstanding  permselectivity  of  glassy  membranes. 

Unrelaxed  Volume  in  Glassy  Polymers— Effects  on  Sorption  and 
Transport  of  Small  Molecules 

A  number  of  approaches  to  modeling  the  sorption  and  transport  of  pure 
components  in  glassy  polymers  have  been  successful.-1’-2'’ 1,0  One  of  the  most 
widely  known  and  used  approaches  is  the  so-called  “dual-mode  sorption,  partial 
immobilization”  model  which  takes  into  account  the  unique  nonequilibrium 
nature  of  glassy  polymers.14-"’  The  presence  of  unrelaxed  molecular-scale  gaps, 
frozen  into  glassy  polymers  during  quenching  from  the  rubbery  state  or  casting 
from  solution,  produces  sorption  isotherms  which  are  concave  to  the  pressure 
axis  and  permeabilities  which  decrease  as  the  upstream  pressure  increases.  Both 
effects  are  attributable  to  the  finite  amount  of  unrelaxed  volume  at  each  tem¬ 
perature.  As  this  volume  becomes  saturated  at  high  pressure,  the  apparent 
solubility  decreases  (i.e.,  C  versus  p.  becomes  concave  to  the  pressure  axis).  The 
permeability,  which  is  equal  to  the  product  of  a  solubility-  and  a  mobility-related 
term,  can  also  decrease  with  increasing  upstream  pressure  for  glassy  polymers 
if  the  aforementioned  decrease  in  apparent  solubility  is  not  offset  by  a  corre 
sponding  increase  in  the  effective  average  mobility. 

The  unrelaxed  volume  Vt  -  , ,,  shown  schematically  in  Figure  1,  decreases 
as  the  glass  transition  temperature  is  approached.  Presumably,  chain  segments 
bordering  on  unrelaxed  gaps  are  most  likely  to  begin  moving  first.  As  these 
boundary  chain  segments  execute  increasingly  larger  amplitude  vibrations  and 
eventually  convolutions,  they  encroach  on  the  previously  frozen  “gap”  territory- 
represented  as  V*  -  V’/  in  Figure  1.  This  encroachment  no  longer  permits  a 
sorbed  molecule  to  experience  a  microvoid  environment.  Presumably  the 
smallest  gaps  are  eliminated  first,  and  the  additional  sorption  capacity  due  to 
the  existence  of  the  microvoid  environment  is  progressively  reduced  with  cor- 
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Kin  1  Hypothetical  unrelaxed  volume  l  ,.  t'(  in  nlns'v  |»>lvmir.  a*  h  function  of  temperature 

responding  reduction  in  \\  -  V’/  as  1\.  is  approached  Finally,  above  7\  all 
chains  have  sufficient  mobility  to  preclude  the  existence  of  any  semipermanently 
fixed  gaps.  Consistent  with  the  disappearance  of  the  unrelaxed  volume  at  TK. 
sorption  isotherms  become  straight  and  can  be  described  by  Henry’s  law  (C/p 
is  constant  at  a  fixed  temperature),  and  the  permeability  becomes  independent 
of  pressure. 

Sorption  of  Pure  and  Mixed  Gases  in  Glassy  Polymers 

As  noted  above,  sorption  isotherms  for  pure  gases  in  glassy  polymers  are 
generally  concave  to  the  pressure  axis.f,  :n  At  a  fixed  temperature,  the  mag¬ 
nitude  of  the  deviation  from  a  linear  Henry’s  law  sorption  relation  for  a  given 
sorbate  is  largely  a  function  of  the  tendency  of  the  sorbate  molecule  to  exist  in 
the  condensed  state.  The  relative  tendencies  of  various  sorbates  to  exist  in  the 
condensed  state  can  be  characterized  conveniently  by  their  respective  critical 
temperatures  or  Lennard-Jones  potential-well  depths.  For  example,  the 
sorption  isotherm  for  helium  in  polycarbonate  exhibits  negligible  curvature  even 
up  to  20  atm,  '4  while  CO.,  and  other  gases  and  even  hydrocarbon  vapors  * '  show 
marked  concavity  to  the  pressure  axis  at  low  and  intermediate  pressures.  These 
isotherms  tend  to  become  linear  at  higher  pressures  in  the  absence  of  plastici 
zation  |see  Figs  2(a)  and  2(b)). 

The  observed  negative  deviations  from  a  linear  relation  between  sorbed  con 
centration  and  the  surrounding  penetrant  pressure  are  believed  to  be  related 
to  the  presence  of  unrelaxed  volume  distributed  throughout  the  glassy  polymer. 
In  the  absence  of  penetrant -induced  swelling,  the  sum  of  these  packets  of  volume 
comprises  a  finite  “excess"  capacity  for  sorption  which  can  be  saturated  at  suf - 
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Fig.  2.  Sorption  ^  for  various  gases  in  polycarbonate  at 

ficiently  high  pre;  *ed  volume  can  be  considered  analogous 

to  the  Langmuir  ca,  r  zerttes  and  charcoals.  ’9  The  sorption 

isotherm  data  r a  ^  be  '  ’  ’!  >  ailed  dual-mode  sorption  model, 

for  which 

:>•*(  /(l  +  6p)  (1) 

where  kp  is  the  .  tei  ch  characterizes  sorption  in  the  "nor 

mal"  molecular  dissolved  ae  mer  ed  earlier.  The  parameter  b  is  the 
Langmuir  affinity  constant  which  char  icrizes  the  tendency  of  a  given  penetrant 
to  sorb  in  the  Langmuir  mode.  The  affinity  constants  for  "noncondensable” 
penetrants  such  as  helium  and  hydrogen  are  small,  while  more  easily  condensable 
polar  and  polarizable  penetrants  tend  to  have  significantly  larger  affinity  con 
stants.’4  The  parameter  CH,  the  Langmuir  capacity  constant,  characterizes  the 
total  sorpt  ion  capacity  of  the  lower-density  regions  (unrelaxed  gaps)  in  a  glassy 
polymer  for  a  particular  penetrant.  The  unrelaxed  gap  volume  is  essentially 
a  constant  for  a  given  polymer  at  a  given  temperature.40  The  primary  factor, 
therefore,  in  determining  the  di.  '-'“"‘'e  in  the  Langmuir  capacity  constant  for 
different  penetrants  (say.  He,  N2,  CO2,  and  H2O)  is  the  value  of  the  sorbed 
density  of  the  penetrant  at  the  point  of  complete  saturation  of  the  Langmuir  sites. 
For  materials  such  as  CO2  and  H2O  which  are  below  or  only  slightly  above  their 
critical  temperature  at  the  temperature  of  measurement,  there  is  evidence  that 
the  penetrant  exists  at  roughly  the  same  density  as  it  would  as  a  pure  liquid  below 
its  critical  point.  ’7  *9  41  For  highly  supercritical  gases  such  as  He  and  N...  the 
indication  is  that  the  saturation  density  in  the  Langmuir  sites  is  low,  so  that  even 
when  the  unrelaxed  gap  volume  is  full,  the  amount  of  gas  in  this  mode  is  small 
This  fact,  coupled  with  the  low  affinity  constants  observed  for  such  gases,  ac 
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counts  for  the  low  level  of  sorption  and  minor  curvature  in  the  sorption  isotherm 
of  helium  at  pressures  as  high  as  20  atm. 

Extension  of  the  dual-mode  theory  to  include  multicomponent  mixtures  of 
penetrants  based  on  pure-gas  measurements  is  straightforward.4-  The  primary 
effect  for  a  mixture  is  simple  competition  by  the  various  penetrants  for  the  fixed 
unrelaxed  volume  fraction  in  the  polymer.  Such  an  effect  may  cause  significant 
depression  in  sorption  of  both  gases  in  a  binary  mixture  whereas  in  a  rubbery 
polymer  in  the  absence  of  plasticizing  effects  the  solubility  of  a  given  penetrant 
is  essentially  independent  of  other  components  present.  Extension  of  dual-mode 
theory  to  a  binary  mixture  of  gases  A  and  B  gives  the  following  expression  for 
the  concentrations  of  A  and  B  as  a  function  of  the  partial  pressures,  p a  and  p«. 
of  the  two  components42: 

Ca  =  ^zmPa  +  CHAbjj)A/(\  +  &aPa  +  &bPb)  (2) 

and 

C’b  =  ^obPb  +  CwB^BPa/U  +  &aPa  +  6bPb)  (3) 

The  meanings  of  the  various  parameters  in  eqs.  (2)  and  (3)  are  consistent  with 
those  defined  in  eq.  ( 1 ):  e.g.,  6/m  is  the  Henry’s  law  parameter  for  component 
A  in  the  mixture,  etc.  (for  definitions  of  these  and  other  parameters  used  in  this 
paper  see  the  List  of  Symbols).  All  of  the  parameters  in  eqs.  (2)  and  (3)  can  be 
measured  for  the  pure  components  and  used  directly  for  the  mixture,  assuming 
that  plasticizing  effects  on  fcp  and  penetrant-penetrant  interaction  influences 
on  both  the  Langmuir  affinity  constants  b,  and  the  saturation  densities  of  the 
components  are  negligible. 


Pure-Gas  Permeation  in  Glassy  Polymers 


Independent  transport 14  44  and  pulsed  nuclear  magnetic  resonance studies 
indicate  that  penetrant  molecules  in  the  two  distinct  molecular  environments 
( Henry's  law  and  Langmuir)  have  different  inherent  mobilities.  The  so-called 
"dual  mobility”  or  “partial  immobilization”  model  accounts  for  this  fact  by  ex¬ 
pressing  Fick's  law  as 


ox  OX 


(4) 


where  N  is  the  total  diffusive  flux  [cm:4(STP)/cm2  s],  and  Cp  and  Cn  are  the  local 
concentrations  of  the  penetrant  in  the  Henry's  law  and  Langmuir  environments, 
respectively.  The  coefficients  Dp  and  Dh  characterize  diffusion  due  to  local 
concentration  gradients  in  the  two  environments.  Both  diffusion  coefficient^ 
are  assumed  to  be  functions  of  temperature  but  not  of  concentration.  This  model 
predicts  that  the  permeability  of  a  pure  gas  measured  with  an  upstream  driving 
pressure  p,  and  a  zero  downstream  pressure  Pi  is  given  by  the  expression 


P  =  knD,,  [I  +  FK/(  1  +  6p2)] 


(5) 


where  F  ^  Dnilh>  and  K  -  C^b/bp  are  convenient  dimensionless  groups.  In¬ 
dependent  gas  sorption  measurements  of  fcp,  6,  and  C H  allow  determination  of 
Di,  and  F  by  plotting  P  versus  1/(1  +  bpj)14  34  Equation  (5)  has  been  shown 
to  describe  permeation  data  well  for  a  variety  of  gases  in  a  number  of  glassy 
polymers. :,44:l4;’ 
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Typical  permeation  data  for  two  markedly  different  gases  (He  and  CO..)  are 
shown  in  Figure  3.”  Over  the  pressure  range  1-20  atm,  the  permeability  of 
helium  decreases  by  only  &% ,  while  that  of  CO2  decreases  by  21% .  This  effect 
is  due  primarily  to  the  fact  that  the  pressure-dependent  term  in  eq.  (5)  is  rela¬ 
tively  unchanged  over  the  pressure  range  1-20  atm  for  helium,  owing  to  the  small 
affinity  constant  of  this  gas  ( b  -  0.0121  atm-1),  while  the  pressure-dependent 
term  changes  considerably  for  COj  because  of  the  larger  affinity  constant  (6  = 
0.2618  atm-1)  of  this  more  condensable  gas. 

THEORY 

Generalization  of  the  Dual-Mobility  Model  for  Steady-State 
Permeation  of  Gas  Mixtures 

In  the  following  treatment,  at  ten,  ion  is  first  focused  on  the  steady-state  per¬ 
meation  of  two  gases  A  and  B  which  arises  due  to  partial-pressure  driving  forces 
PA->-Pai  and  Phl'-Phi  existing  between  the  upstream  and  the  downstream  faces 
of  the  membrane  (a  subscript  2  refers  to  the  upstream  side  of  the  membrane  and 
a  subscript  1  refers  to  the  downstream  side  of  the  membrane).  Finally,  an  ex¬ 
pression  is  presented  for  the  important  case  where  a  third  component  (con¬ 
taminant  )  is  present  in  addition  to  the  binary  system. 

At  the  steady  state,  the  constant  flux  Assa  of  component  A  through  a  mem 
brane  of  thickness  /  is  given  bv  ’ 

A’ssa  =  Ca(Pa-.' ~  Pai>//  (6) 

or,  equivalently. 

Fa  =  Assa^/(Pa2“Pai) 

Thus  the  problem  of  predicting  the  permeability  Pa  of  component  A  reduces 
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Fiji.  X  Permeabilities  of  helium  and  CO  in  polycarbonate  at  JVi°C  as  function**  of  upstream 
pressure 
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simply  to  one  of  deriving  an  expression  for  the  steady-state  flux  of  component 
A  in  terms  of  the  various  partial  pressures  and  the  solubility  and  mobilit  y  coef¬ 
ficients.  The  flux  expression  for  component  A  in  the  absence  of  cross  product 
terms  can  be  written 

<»> 

dx  ox 

Consistent  with  eq.  (4),  C/m  and  ('ha  are  the  local  concentrations  of  penetrant 
A  in  the  Henry’s  law  and  Langmuir  environments,  respectively.  An  equivalent 
but  mathematically  more  convenient  way  of  writing  the  partial  immobilization 
model  for  component  A  is14 


,  ,  r,  MA 

N  a  =  -D,  m  — — 

Ox 

where  Cma  =  Cp\  +  F\Ch\  and  F\  =  DhaHHia- 
is  a  constant  equal  to  Nssa.  we  have 


Since,  at  the  steady  state,  NA 


J>« 


dx  =  -IN  as 


-  -  f"  Dda  dCniA - O/mK’mAZ  ~  f'x/All  HO) 

MAl 


The  assumption  of  local  equilibrium  at  all  points  in  the  polymer  li  e.,  local 
equality  of  chemical  potentials  of  component  A  in  the  two  environments)  permits 
expressing  C//A  in  terms  of  C/,A  as42 

C,,A~7T  7C~T  7  01) 

1  +  Oa<  PA  +  Out  oh 

where  ha  2  hAA;,A,  oh  ;  6h/*ph  and  Aa  2  (' ha^a^da-  Substituting  for  CA/a:> 
and  Camj  in  eq.  (10),  we  have 


..  D/m  ,, 

Assa  =  ~~  t  oa.  + 


FAKACi,A: _ 

1  +  oaCoa:'  +  oiiC/m.' 


,  •  F  aKa('i,a  , _ 

_  (  OAI  ~  .  ,,  , 

1  +  <'At  /Ml  +  «‘H<  /AM  1 J 

Since  C/m  =  fcn\p a>  and  C/,h  =  fc/mPn.  we  have  the  following  expression  for  F\. 
the  steady-state  permeability  of  component  A: 

i>  r-i  L  (,  .  F aF aP A't/ip -  p Ai>  F AK\pA]l\pA2  ~  Pai>\ 


F  A  =  DpA^OA  1  + 


1  +  bfJ>Al  +  bn  puj 


1  +  6aPai  +  hnPHi 


In  all  of  the  cases  which  will  be  dealt  with  in  the  present  discussion,  the  experi¬ 
ments  will  be  assumed  to  be  performed  with  a  negligible  downstream  partial 
pressure  of  components  A  and  B,  so  eq.  (13)  reduces  to 

f >a  =  D/m*pa  |1  +  f" aFa/{\  4  f>A Pa:  +  hHplt  )|  (14) 

or,  in  terms  of  the  mole  fraction  yA  of  component  A  in  the  feed  and  total  feed 
pressure  p-| : 

Fa  -  Dpa^paH  +  /'aKa/|1  +  5h Pi  +  .'aP/U’a  ~  m ►  1 1  05) 


(15) 
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in  situations  where  the  downstream  partial  pressures  are  not  zero,  eq.  (13)  can 
be  used  with  relatively  little  difficulty. 

To  facilitate  parameter  estimation,  it  is  most  convenient  to  use  an  experimental 
setup  with  pai  =  Pm  '  0,  and  henceforth  all  derivations  will  assume  such  a  mode 
of  operation.  According  to  the  report  by  Pye  et  at..-  for  a  carrier  gas-type  system 
with  pai  =  0  (rapid  carrier  flow  past  the  downstream  membrane  fa  cel  the  per¬ 
meability  determined  should  be  the  same  as  that  measured  by  manometric 
methods  with  a  vacuum  downstream. 

Similar  expressions  for  the  permeability  of  component  B  may  be  derives,  in 
terms  of  its  sorption  and  transport  parameters: 

Pb  =  |1  +  F\\Kh/(\  +  6aPaj  +  6hPb.)1  (lb) 

or,  in  terms  oi  yA  and  pr, 

Ph  -  D/mkim  II  +  +  bhP7  +  >'APrU>A  _  bH)JI  (17) 

For  the  case  where  Pai  =  Phi  =  0,  the  separation  factor  /dA.i<  defined  byeq.  (18) 
reduces  simplv  to  the  ratio  of  permeabilities  of  component  A  to  component 
B,46 


*a/*B  ~  P A 

'a/.vh  Ph 


(18) 


where  *  a  and  xb  are  the  mole  fract  ions  of  components  A  and  B  in  the  downstream 
permeant,  and  vA  and  vK  are  the  mole  fractions  of  components  A  and  B  on  the 
high-pressure  feed  side  of  the  membrane.  Therefore,  substituting  in  eq.  (18) 
from  eqs.  (15)  and  ( 1 7)  we  find 

(Jam  -  (IhiA^DA/Pim^im)  (1  +  FAF a  +  b^Pr  +  >APr(bA  -  (>k>! 

/|1  +  F»Kb  +  6bP7  +  yAP7  ((>A  _  (>n)]  (19) 

If  a  third  component  E  is  present  at  a  partial  pressure  py.j  in  the  feed,  the  above 
equations  can  be  modified  simply  as  shown  below: 

Pa~  |1  +  FaKa/II  +  by. Pkj  +  6aPa_'  +  (>HPBj)i  (20) 

Pk  =  Pnnkim  [1  +  FrKh/(  1  +  bpjjy.j  +  6aPaj  +  (>bPb:.’))  (21) 

(?A.H  =  (O/IA^/IA/^/m^/lB)  (1  +  6ePE2  +  Fa/^A  +  bfij?\2  +  bnpHj( 

/(I  +  5ePe2  +  F^Kb  +  8aPa'.'  +  (7bPb2)  (22) 

Expressions  analogous  to  eqs.  (20)-(22)  can  clearly  be  obtained  for  any  number 
of  additional  components  in  the  ft  H  The  terms  in  parentheses  containing  pu ■> 
are  constants  as  long  as  the  partial  pressure  of  component  E  is  maintained  con¬ 
stant.  If  component  E  is  a  material  such  as  water  with  a  high  affinity  constant 
6k.  the  term  6kPk  tnay  be  so  large  that  it  dominates  the  observed  behavior  of 
Pa.  Pb-  a°d  Aa  b-  even  though  the  partial  pressure  p y;  may  be  much  less  than 
Pai  or  p bj 

Two  detailed  case  studies  will  now  be  considered  with  specific  reference  to 
actual  reported  gas  separation  data  which  illustrate  the  power  and  utility  of  the 
expressions  presented  in  eqs  ( 1 4 )-( 22). 
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Case  Study  1:  Binary  mixture  of  a  “fast”  gas  and  a  "slow"  gas  (He  and 
C02)  in  polycarbonate  at  35°C 

Helium,  the  "fast "  (higher  permeability  I  gas  in  this  case  exhibits  little  inherent 
pressure  dependence  in  permeability  over  the  range  of  pressures  up  to  20  atm 
due  to  its  low  affinity  constant.  Carbon  dioxide,  the  "slow"  (lower  permeability! 
gas  exhibits  significant  inherent  pressure  dependence  in  its  permeability  over 
the  range  of  pressures  up  to  20  atm  due  to  its  higher  affinity  constant  (see  Fig. 
If).  The  pertinent  sorption  and  transport  parameters  for  these  two  gases  are 
presented  in  Table  I.1'1  By  substituting  the  appropriate  parameters  into  eqs. 
UM,  (17),  and  (19)  for  gas  A  (helium)  and  gas  B  (CO..),  the  results  presented  in 
Figures  4(a)  and  4(b)  can  he  calculated.  Similar  trends  are  predicted  for  other 
gas  pairs,  e.g.,  He/N_.,  although  the  magnitude  of  the  pressure  effect  on  the  two 
permeabilities  is  roughly  half  as  large  in  this  case,  owing  to  the  less -pronounced 
dual-mode  character  of  N  ,  compared  to  CO ...  which  is  apparent  in  Figure  2.  Even 
in  this  ease,  however,  a  reduction  of  nearly  l.V~i  is  expected  for  the  two  compo¬ 
nents  in  some  cases.  The  separation  factor  for  the  He/N_,  case  is  not  a  significant 
function  of  pressure  since  the  permeability  of  eac  h  component  is  reduced,  on 
a  percentage  basis,  bv  an  approximately  equal  amount  over  the  pressure  range 
1-20  atm. 

It  is  clear  from  Figure  4(b)  that  polycarbonate  is  not  particularly  attractive 
as  a  separation  membrane  for  helium  and  carbon  dioxide  since  the  separation 
factor  varies  from  1.62  in  the  limit  as \A  *  1  and  pj  -  *  0  to  1.82  as  \  A  *0and 
/>/  =  20  atm  The  system  He/(’0  .  in  polycarbonate  is  considered  here  not  be¬ 
cause  of  practical  significance  for  gas  separat  ions  hut  because  the  trends  which 
it  illustrates  are  typical  of  other  more  important  sys terns  which  have  been  de¬ 
scribed  in  the  literature  (e  g..  H_.  and  CO  in  Kapton)  for  which  model  parameters 
are  not  yet  available 

The  approximate  magnitude  of  the  separation  factor  in  eq.  ( 19)  is  determined 
largely  by  the  ratio  of  the  product  Dn^n  for  the  two  components  On  the  other 
hand,  the  magnitude  of  the  percentage  change  in  ^a.b  over  a  given  pressure  range 
is  determined  by  the  c  hange  in  the  ratio  of  the  two  terms  containing  F  s,  K's,  and 
h's  inside  the  parentheses  in  eq.  <  19).  This  latter  effect  is  adequately  illustrated 
in  Figure  4(h),  in  which  the  percentage  increase  in  the  separation  factor  is  ap¬ 
proximately  1  lf’i  between  1  and  20  atmospheres  for  He/C0.>  mixtures  with  low 
mole  fractions  of  the  fast  gas,  helium.  Equation  (19)  predicts  that  the  separation 
factor  could  either  increase  or  decrease  with  increasing  upstream  pressure,  de 
pending  on  the  relative  values  of  F,\K ,\  and  f’uA'n-  These  two  composite  pa¬ 
rameters  can  he  determined  independently  by  pure  gas  sorption  and  transport 
measurements  as  was  done  for  the  He/CO  ■  system. 
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Fig.  4.  (a)  Permeahilitie>  of  helium  and  ('()_■  in  mixed  ga>  feedv  fur  various  mole  tractions  of  helium 
in  the  feed  gas  as  a  function  of  total  upstream  gas  pres>ure  The  downstream  pressure  is  assumed 
U>  be  negligibly  small,  i.e.eqs  (15)  and  (16)  apply  (b)  Predicted  permselectivities  of  polycarbonate 
at  ;t5°C  for  helium  relative  to  CO.-  as  a  function  of  total  upstream  pressure  for  the  case  of  a  negligible 
downstream  pressure  Curve  1:  for  a  50/50  mixture  of  HeT'0_  with  dHf  <  <».  1  =  permeability  of 
pure  hel»um)/(permeabilitv  of  pure  COo),  where  both  permeabilities  were  calculated  at  their  corre 
sponding  partial  pressures  at  the  stated  total  pressure,  e  g.,  at  a  total  system  pressure  of  10  atm.  the 
permeabihu  of  each  component  was  calculated  at  5  atm  Curves  2  and  5  correspond  to  feed  com 
positions  of  \  h«-  =  0.005  and  \  Hr  *  0  995.  i  nectivelv  Both  curve**  2  and  were  calculated  from 
the  model  |eq  (19)] 

The  tendency  of  the  predicted  separation  factor  in  Figure  4(b)  to  increase  with 
increasing  driving  pressure  is  consistent  with  the  actual  separation  factor  ob¬ 
served  in  a  study  of  Kapton  by  McCandless:‘  for  a  50/50  HL>/C0  mixture.  It  was 
reported  that  the  actual  separation  factor  at  appioximately  40°C  increased  by 
36%  (from  31.2  up  to  42.5)  when  the  driving  pressure  differential  was  increased 
from  50  to  300  psi.  The  values  of  the  separation  factors  shown  in  Figure  4(b) 
calculated  from  eq.  (19)  at  high  upstream  pressures  are  significantly  less  than 
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those  calculated  for  a  50/50  mixture  of  the  gases  by  taking  the  ratios  of  the  re¬ 
spective  pure-gas  permeabilities  |see  curve  1  in  Fig.  4(b)], 

McOandless  noted  that  "There  is  some  interaction  between  components  of 
the  binary  mixture  during  permeation  which  effectively  decreases  the  perme 
ability  of  H_.  relative  to  ('0."  His  observations  are  also  consistent  with  the  report 
by  Antonson  et  al.*  that  “the  fast  gas  was  “slowed  down’  by  the  slow  gas  and  the 
slow  gas  was  ‘speeded  up'  by  the  fast  gas."  Moreover,  both  of  these  separate 
qualitative  observations  are  consistent  with  the  predictions  of  the  theory  rep 
resented  by  eqs.  (151-09)  and  illustrated  by  the  results  in  Figures  4(a)  and  4(b). 
The  permeability  of  helium  decreases  as  the  mole  fraction  of  (XL  present  in  the 
feed  increases  at  a  fixed  total  pressure.  The  “slowdown”  effect  noted  by  both 
McCandless  and  Antonson  is  clearly  the  most  pronounced  at  the  higher  pressures 
in  Figure  4(a)  and  can  amount  to  as  much  as  20%  in  some  cases.  In  simple  terms, 
one  can  explain  the  effect  by  noting  that  helium  in  the  Langmuir  mode  had  a 
higher  mobility  than  helium  in  the  Henry’s  law  mode  ( Dh  >  Di>)  and  as  the  mole 
fraction  of  CCL  in  the  feed  increases  it  excludes  helium  from  access  to  its 
higher-mobility  environment. 

Also  consistent  with  Antonson  s  general  observation,  the  presence  of  the  fast 
gas.  He,  tends  to  speed  up  the  slow  gas,  CO,;.  The  permeability  of  C0L>  in  Figure 
4(a)  is  the  highest  at  each  pressure  for  mixtures  where  the  mole  fraction  of  helium 
in  the  feed  is  the  highest  (e.g.,  >  a  =  0.995).  This  effect  occurs  because  5a  < 
which  causes  the  term  y  aP7  (b.A  ~  bn)  to  be  a  negative  contributor  to  the  de¬ 
nominator  in  eq.  (17),  thereby  actually  increasing  the  permeability  as  » 
increases,  consistent  with  the  above  observations. 


Case  Study  II:  Effect  of  introduction  of  a  low  partial  pressure  of  a 

contaminant  (H^O)  with  a  high  affinity  constant  in  the  feed  stream 

Another  interesting  set  of  data  on  mixture  permeation  in  highly  selective  glassy 
polymers  was  reported  by  Pve  et  al  2  These  investigators  note  that  a  partial 
pressure  of  only  15  mm(Hg)  of  water  vapor  in  the  feed  of  a  50/50  molar  mixture 
of  H:'  and  CH4  at  1  atm  upstream  pressure  significantly  depressed  the  permea¬ 
bilities  of  both  Hj  and  CH4.  In  this  case  CH4  acts  as  the  slow  gas.  analogous  to 
CO.  in  the  previous  case  study.  The  effects  of  introducing  a  trace  contaminant 
such  as  water  in  the  feed  stream  can  be  illustrated  by  extending  the  previous  case 
study  with  helium  and  CO..  Although  data  are  not  available  for  dual-mode 
sorption  parameters  for  water  in  polycarbonate,  it  is  often  found  that  the 
Langmuir  affinity  constant  of  a  given  penetrant  is  quite  similar  in  different 
polymers  je.g.,  CO.-  has  affinity  constants  at  30-35°C  in  poly(ethylene  tereph- 
thalate)  (PET),  polv(acrylonitrile)  (PAN),  polycarbonate  (PC),  poly(methyl 
methacrylate)  (PMMA).  and  poly(ethyl  methacrylate)  (PEMA)  in  the  range  of 
0.2  ±  0.07  atm'1  (refs.  S4. 1)9.  41. 4:0).  Ranade  et  al. 47  indicate  that  the  affinity 
constant  of  water  in  PAN  at  95JC  is  24H.2  atm'1,  while  CO^  in  the  same  sample 
had  an  affinity  constant  of  only  0.16  atm'1.  The  highly  condensable  nature  of 
H..0  is  presumably  responsible  for  its  high  affinity  for  Langmuir  sorption  If 
one  assumes  that  the  affinity  constant  of  water  in  polycarbonate  is,  to  a  first 
approximation,  equal  to  that  in  PAN,  the  previous  results  for  the  binary  mixture 
of  He/CO;  can  be  extended  to  treat  the  effects  of  water  contaminant  present  at 
a  constant  partial  pressure  in  the  feed.  The  expressions  for  the  permeabilities 


1.V24 


kokos  kt  ai. 


of  component  A  (He)  and  component  H  (CO.)  and  the  separation  factor  dm.ro 
in  the  presence  of  a  constant  35*7  RH  at  25°C  1 1  f>  mm(Hg)  partial  pressure  of 
water]  in  the  feed  (so  byj>y  =  4.8)  can  he  shown  to  he  given  by  the  following  ex¬ 
pressions  in  units  of  |cm  '(ST1*)  cm)/tcm-  s  atm): 

=  7.97  X  10-*11  +  0.3458/|<l  +  4.8)  +  0.2618;) -  0.2497p;y  ;]l 
/V o,  =  4.26  X  10-s|l  +  0.5604/|(l  +  4.8)  +  0.2618/)-,  -  0.2497p}.v;]| 

dHe.co,  =  1-87  (6.15  +  0.2618 p)  -  0.2497py.vX> 

/16.36  +  0.2618/)’;  -  0.2497pVva» 

In  the  a'mve  expressions,  y\  is  the  mole  fraction  of  component  A  (He)  in  the  feed 
a'  a  total  pressure  p\  expressed  on  a  dry  basis  (exclusive  of  the  small  amount 
of  water  present).  Since  the  partial  pressure  of  water  is  so  low  in  this  case  ipyj 
=  0.02  atm)  it  is  a  good  appro::>mation  tosay  that  y\  -  yA  and  pj  =  p 7  for  feed 
pressures  above  1  atm,  which  are  the  cases  of  real  interest  here. 

The  plots  of  the  expressions  for  permeabilities  and  separation  factors  for 
pressures  of  one  atmosphere  and  above  are  shown  in  Figure  5  for  various  dry-basis 
mole  fractions  corresponding  to  the  curves  in  Figure  4.  Comparison  of  the  sets 
of  data  in  the  two  figures  indicates  that  the  pressure  dependences  of  the  per¬ 
meabilities  and  separation  factors  are  essentially  eliminated  because  the  water 
largely  excludes  the  other  components  from  the  Langmuir  mode.  The  separatum 
factor  dm  . ro..  is  not  affected  adversely  by  the  presence  of  the  water  contaminant, 
and  actually  increases  from  1.62  for  an  uncontaminated  50/50  He/COL>  feed  to 
1.80  for  the  water-contaminated  50/50  He/OCT  feed  (dry  basis)  at  one  atmo¬ 
sphere.  On  the  other  hand,  the  fluxes  of  both  components  at  1  atm  are  predicted 
to  he  reduced  significantly  < :i()r<  for  OOj  and  20ri  for  He'  in  the  case  of  the 


Fig.  ?>.  Predicted  permeabilities  for  helium  and  ('().-  (al  and  |>crm>«  In  m  ih«  -  ibt  of  jmlv  carbonate 
at  .T>°C  for  helium  relative  toCO,  as  a  function  of  tola!  upstream  presort  (dr\  basio  in  the  presence 
of  1 5  mmiHi'i  of  water  vapor  in  the  upstream  feed  stream  The  do*n>ireiim  pressure  is  assumed 
to  be  negligibly  small,  i.e..  eqs  (2(n  apply 
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contaminated  feed  with  only  15  mm(Hg)  of  water  vapor  present  For  the  He/N_. 
binary  system,  which  was  also  discussed  briefly  in  Case  Study  I.  it  is  predicted 
that  the  fluxes  of  both  components  drop  bv  over  20ri  in  the  presence  of  15 
mm(Hg)  FI  ,0  vapor  for  an  upstream  pressure  of  1  atm.  Such  considerations 
are  important  and  indicate  that  significant  reduction  in  production  rate  can 
occur,  although  permeant  purity  is  not  compromised  by  the  presence  of  con¬ 
densable  contaminants  in  the  feed.  The  higher  the  affinity  constant  hr;  of  the 
extra  component,  the  more  potent  it  is  in  depressing  the  fluxes  of  the  other 
mixture  constituents. 

The  predicted  reductions  in  permeabilities  discussed  above  for  the  Fle/COj 
system  are  satisfyingly  consistent  with  the  observations  of  Pye  et  a!.-,  which  are 
summarized  in  Table  II  below.  As  noted  earlier,  these  investigators  introduced 
a  partial  pressure  of  15  mm(FIg)  of  water  into  a  stream  of  50/50  FT/CH4  at  1  atm 
(referred  to  as  “wet”  in  Table  II)  and  compared  their  results  with  those  for  an 
uncontaminated  50/50  FT/CH4  stream  at  1  atm  (referred  to  as  "dry"  in  Table 
II).  Note  that  the  FT  permeability  decreased  by  as  much  as  59r. .  while  the  CFT 
permeability  decreased  by  as  much  as  56'!<  owing  to  the  presence  of  the  water 
vapor.  Since  reductions  in  the  permeabilities  for  the  two  components  tended 
to  be  correlated  (as  expected  from  the  theory  presented)  the  ratio  of  the  per¬ 
meabilities.  and  hence  the  separation  factor,  is  not  very  much  different  in  the 
wet  and  dry  cases.  Pye  et  al.-  pointed  out  that  the  permeability  reductions  noted 
above  are  reversible,  that  is  when  the  contaminant  moisture  is  removed  from 
the  feed  stream,  the  normal  dry  permeabilities  are  again  observed.  They  also 
note  that  it  is  possible  to  introduce  the  same  sort  of  contaminant  blocking  action 
using  small  amounts  of  hydrocarbon  contaminants  such  as  pentane.  Such  highly 
condensable  materials  are  also  expected  to  have  large  affinity  constants  and  to 
compete  for  the  available  gap  volume  in  exactly  the  same  way  that  was  discussed 
previously  for  water.  In  such  a  case,  the  effect  on  the  observed  separation  factor 
is  expected  to  be  small;  however  quite  significant  reductions  in  productivity  can 
occur  if  permeability  reductions  of  as  much  as  60'><  can  be  expected  (as  reported 
for  polymer  C  in  Table  Ill  due  to  the  trace  water  contamination. 

Pye  and  co-workers  appreciated  qualitatively  what  caused  the  blocking  action 
and  correctly  suggested  that  the  reduction  in  permeability  was  due  to  water  (or 
hydrocarbon)  sorption  "effectively  reducing  the  microvoid  content  of  the  film 
and  the  available  diffusion  paths  for  the  nonreactive  gases.”  The  rather  re¬ 
markable  insight  of  these  workers  says  in  qualitative  terms  what  eqs.  (20)— (22) 

TAHI.K  II 

l'ermeahilitiev  and  l’ertneahilit  \  Rahov  at  H0°C  for  Various  Stiff  Cham  I’oK  merv- 

Reduction  Reduction  Reduction 


Cols  mcr" 

I'm 

I)r> 

1. 

W.  I 

dm  to  H.O 
coma  m  man! 

Do 

V 

Wei 

due  to  H  A) 
contaminant 

rH 

Dn 

'l\  0, 
Wei 

due  h*  H jO 
rontaminant 

A 

: 

2m: 

n  2 

lit 

16*; 

271 . 

2  >4 

H 

7<;r; 

Men 

i*r. 

t;*  2 

57.0 

16'. 

112 

lo> 

:v, 

(' 

.<  ] 

1 27  < 

vy . 

7 

:i  :t 

scr. 

422 

"A  prepared  h\  4  4  hexafluor<usopropvhdenediphthnlic  anh\ dridt  vuth  l  .'t  diamino 

h<  n/ern  H  prepared  h\  r». it  lion  of  4.4  hexafluoroivoproplvidenediphthalu  anhvdride  with 
1  “»  dianiinonaphihah  o*  (  prepared  h\  reaction  of  4.4’  hexafluoroisoproplvidenediphthalic  an- 


1R2« 


KOHOS  K'l'  Al. 


say  quantitatively,  and  their  data  are  consistent  with  the  predict  ions  of  the  simple 
theory  proposed  here. 


Investigation  of  Possible  Deviations  from  Simple  Dual-Mode 
Permeation  Behavior 

As  noted  earlier,  the  use  of  pure-gas  sorption  and  diffusion  c<»efficients  in  the 
expressions  for  the  permeabilities  of  components  of  the  mixture  implies  that  the 
various  materials  permeate  independently  except  for  the  competition  for  unre 
taxed  gap  volume.  On  the  basis  of  the  preceding  case  studies  and  review  of  ob¬ 
servations  of  various  trends  in  the  data,  it  seems  that  the  simple  theory  reflects 
current  e-nerience  remarkably  well.  If  quantitative  deviations  from  the  simple 
model  are  observed,  they  can  be  analyzed  in  terms  of  two  classes  of  effects  as 
shown  !»'.  Table  III.  The  solubility-re!  .;~d  effects  can  he  treated  independently 
by  performing  sorption  measurements  for  component  A  (Ca|pu)  at  fixed  partial 
pressure  of  component  B.  Equation  (2)  can  be  written  in  the  form 

CaIph  =  +  C’„Af>\PA/U  +  6ipA)  (23) 

where  b'A  =  6A/(1  +  buPnh  which  is  a  constant  at  fixed  partial  pressure  of  com¬ 
ponent  B.  Since  all  parameters  in  eq.  (23)  can,  in  principle,  be  determined  from 
sorption  measurements  on  the  pure  gases,  a  direct  comparison  of  the  predictions 
of  eq.  (23)  with  the  actual  concentration  of  component  A  measured  at  constant 
partial  pressure  of  component  B  should  be  possible.  Moreover,  the  nonlinear 
least-squares  technique  employed  for  determination  of  the  pure-component 
parameters14  can  be  used  to  independently  assign  values  to  the  parameters  /r/,A. 
Ch\.  and  b\ using  the  concentration  data  for  component  A  measured  at  a  con¬ 
stant  partial  pressure  of  component  B.  If  there  are  no  significant  deviations  from 
the  theory  due  to  items  listed  as  solubility-related  factors  in  Table  III.  it  should 
be  found  that 

<^7>.\l|Ph  = 

(0/.a)|Ph  =  ('ha 
bA  ~  (hA>|Pn  =  t>A/(l  +  ^hPh) 

where  the  parameters  on  the  right-hand  side  of  the  above  equations  are  those 
determined  from  pure-gas  sorption.  Any  solubility-related  deviations  from  the 
theory  can  therefore  he  distinguished  from  mobility-related  effects. 

Mobility-related  deviations  from  the  theory  can  be  treated  in  a  similar  fashion 
by  rewriting  eq.  (14)  for  the  situation  where  pu>  is  held  constant: 


~  0/iA^OA 


]  4  | 

1  +  6aPaj  +  buPnJ 


(24) 


TAH1.K  III 

_ Possible  Source*  of  Deviation  From  Simple  Dual  Mode  Permeation  Behavior 

n  Solubility  related 

Hi  alteration  of  /*/,  of  one  component  due  to  the  presence  ot  the  second  component 
i  ii  i  alteration  of  b  of  one  component  due  to  the  presence  of  the  second  component 
tin!  alteration  of  (  ^  of  one  component  due  to  the  presence  of  the  second  component 
h  Mobility  related 

III  alteration  of  />/,  of  one  component  due  to  the  presence  of  the  se<ond  component 
till  alteration  of  I>h  of  one  component  due  to  the  presence  ol  the  second  component 
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or 


r.  |  Ml  1 1  I  ^A<f’/(  A^a/^«a)| 

^aIpbj  =  D„Aki,A,  1  +  — — — - 

\  1  +  OaP  A2  / 

and  hence 

PaIpb2-DiiA*/m(i+^^J 


(25) 


(26) 


where  6a  =  b\/(l  +  b^Pm)  and  K\  =  CHAb'A/kl)A,  which  is  consistent  with  the 
earlier  treatment  of  solubility  effects.  A  similar  expression  can,  of  course,  be 
written  for  the  permeability  of  component  B  measured  at  a  constant  partial 
pressure  of  component  A  in  the  feed. 

The  interesting  fact  suggested  by  eq.  (26)  is  that  even  though  the  presence  of 
a  second  component  reduces  the  apparent  affinity  constant  b'A  and  consequently 
K\  because  of  the  competition  for  available  gap  volume,  the  overall  form  of  the 
permeability  expression  (at  constant  pn  >)  is  unchanged.  In  the  absence  of  de¬ 
viations  from  the  theory  due  to  items  listed  as  mobility-related  factors  in  Table 
III,  the  values  of  D/m  and  D//A  obtained  from  the  slope  and  intercept  of  a  plot 
of  PA\Pm  versus  1/(1  +  b\pAL>)  should  be  identical  to  the  D/m  and  D//A  obtained 
for  the  pure-component  case.  The  values  of  f>A  and  K’A  will,  of  course,  be  known 
independently  from  sorption  measurements  at  a  fixed  value  of  pb’- 


CONCLUSIONS 

Permeation  data  for  mixed  gases  in  glassy  polymer  membranes  indicate  that 
such  penetrants  do  not  permeate  entirely  independently  of  one  another.  This 
is  a  substantially  different  situation  from  the  corresponding  case  for  rubbery 
polymers  in  the  absence  of  plasticization.  A  very  low  partial  pressure  of  a  con¬ 
densable  species  such  as  water  in  the  feed  stream  to  a  gas  separator  can  signifi¬ 
cantly  reduce  the  permeability  of  a  given  constituent  relative  to  its  permeability 
as  a  pure  component. 

A  special  form  of  Fick  s  law  which  accounts  for  the  fact  that  penetrants  in 
glassy  polymers  sorb  into  and  diffuse  through  two  quite  different  molecular 
environments  leads  to  a  model  which  is  consistent  with  the  reported  complex 
eff  ects  of  feed  composition  and  pressure  on  component  permeabilities  in  high- 
pressure  gas  separators.  The  model  explains  the  observed  depression  in  per¬ 
meabilities  of  gas  penetrants  in  terms  of  the  much  greater  affinities  of  con¬ 
densable  vapors  toward  the  unrelaxed  volume  between  chain  segments  in  a  glassy 
polymer;  consequently,  permeation  of  the  gas  due  to  transport  through  this 
molecular  environment  is  greatly  reduced.  The  straightforward  procedure  for 
separating  possible  solubility-  and  mobility-related  deviations  from  the  model 
predictions  can  provide  useful  insight  into  the  physics  of  the  glassy  state. 

Thf*  authors  uratefulh  aiknowled^r  tht  support  of  this  \M>rk  In  NSF  (Irani  No  CPK  70 
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laingnuiir  affinity  H'D-i.iiii  nl  component  i 
=  -t  hti/‘n*.  appari  nt  l.nngnniir  at  t  tin  I  \  constant 

lor  component  A  observed  in  t lit-  prcscinc  ol  n  constant 
partial  pressure  of  coniponi  nt  It 

concentration  of  penetrant  i  in  the  polvrner 

Langmuir  capautv  constant  ol  com|ionent  i 


local  concent  i  at  ion  ol  pen*  ,.-;tni  i  in  the  Henry’s  law 
environment 


local  concentration  of  penetrant  i  in  the  Langmuir 
environment 


('li,  +  f.  (’ii 

diffusion  coefficient  ol  component  i  in  the  Henry’s  law 
environment 

diffusion  coefficient  ol  component  i  in  the  Langmuir 
environment 

Henry’s  law  constant  ol  component  i  in  the  polymer 

<V>M„ 

(  A 

memhrane  thickness 

diffusive  fins  of  component  i 

sleadv  slate  flux  ol  component  i 
pressure 

partial  pressures  of  A.  H 
total  upstream  pressure 

permeability  ol  component  i 

filnss  transition  tempi  imure 

theoretical  unrelaxed  volume  of  glassy  polymers 

distance  from  the  upstream  side  of  the  polymer  film 
mole  traction  of  component  i  in  the  downstream  side 
mole  traction  of  component  i  in  the  upstream  side 


=  ( A  y 't  n  t  iij  \h*.  separation  factor  lor  a  given 
membrane 


t  ommon  l  nils 


atm  1 

«»lm  1 

i  m  ‘tSTI’i 

•Vj 

i  in  1  polymer 

cm  iS'l  l'l 

cm  polymer 

cm 't  STI’I 

.  *«■  * 

cm  *  polymer 

w  , 

* 

cm'(STl’) 

•  y- 

cm 1  polymer 

em’tSTl’l 

-  ‘  i 

cm '  polymer 

enr'/h 

.  .V 

dimensionless 
cm  ‘(STI’I 
cm '  polymer  atm 

dimensionless 

dimensionless 

cm 

cm  ‘tSTI-i 
cm-'  s 

cni’tSTI*! 
cm-  s 


cm  bSTH)  cm 
s  cm- atm 

°C 
cm 1 
P 
cm 

dimensionless 

dimensionless 

cm  polymer 
cm  ’(STI’i 

dimensionless 
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superscript  *  indicates  “dry  basis’*  when  written  .v*.  >*,  nr  /►'/ 
subscript  )  indicates  downstream  conditions  in  permeation 
experiment 

subscript  2  indicates  upstream  conditions  in  permeation  experiment 
subscripts  different  components  in  a  multicomponent  mixture 
A.  B.  K 
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Synopsis 

Sorption  of  pure  anhydrous  ammonia  and  pure  sulfur  dioxide  in  Kapton  polyimide  has  been 
measured  at  30  and  35°C  at  suhatmospheric  pressures  using  a  Mi'Bain  quart?  spring  balance.  The 
sulfur  dioxide  sorption  and  desorption  was  well  described  by  the  Pirkian  transport  model;  however, 
the  ammonia  sorption  exhibited  significant  deviations  from  Fickian  behavior.  A  substantial  fraction 
of  the  initially  sorbed  ammonia  remained  in  the  film  after  extended  periods  under  vacuum  at  35°C. 
Infrared  analysis  of  the  treated  film  revealed  the  presence  of  new  carbonyl  and  nitrogen-hydrogen 
stretching  peaks  characteristic  of  primary  and  secondary  amides.  These  observations  suggest  that 
the  ammonia  reacts  chemically  with  some  of  the  imide  linkages.  Based  on  infrared  analysis  of  the 
ammonia-exposed  Kapton,  heating  the  sample  under  vacuum  at  120°C  caused  re  formation  of  most 
of  the  originally  disturbed  imide  structures,  with  attendant  evolution  of  ammonia  as  a  condensation 
product. 


INTRODUCTION 

Gas  separators  based  on  permselective  glassy  polymer  membranes  offer  an 
economical  means  for  recovering  valuable  components  from  mixed  gas  streams. 
Choice  of  the  correct  polymer  permits  almost  total  blockage  of  the  transfer  of 
undesirable  gaseous  molecules  while  allowing  the  desired  species  to  diffuse 
rapidly  through  the  membrane.1  In  the  synthesis  of  ammonia,  the  process 
stream  from  the  reactor  contains  high  concentrations  of  nitrogen  and  hydrogen 
along  with  other  gases  such  as  argon  and  ammonia  in  small,  but  significant, 
concentrations. 1  Gas  permeators  can  be  used  to  salvage  hydrogen  from  the  re¬ 
actor  purge  gas  stream,  while  preventing  the  accumulation  of  inerts  in  the  system. 
Inside  the  separator,  the  hydrogen  molecules  sorb  into  polymeric  hollow  fibers, 
diffuse  from  a  high-pressure  region  surrounding  the  fiber  to  a  low-pressure  region 
within  the  bore  of  the  fiber,  and  are  then  recycled  to  the  reactor.2  After  exposure 
to  the  process  stream  for  a  long  period  of  time,  the  ability  of  the  membrane  to 
separate  hydrogen  from  the  mixed  gas  stream  may  decrease  if  the  polymer  is 
attacked  by  the  components  of  the  stream. 

The  present  study  focuses  on  a  possible  new  polymer  for  gas  separation  service 
in  demanding  process  environments  such  as  the  ammonia  example  cited  above. 
Kapton,  an  aromatic  poly(ether-imide)  developed  by  du  Pont,  has  been  found 
to  be  resistant  to  both  chemical  and  thermal  attack.  Furthermore,  Kapton  is 
a  matrix  polymer  for  use  in  novel  graphite-reinforced  composites  which  offer 
outstanding  properties  for  important  aerospace  applications.'1  The  sorption, 
transport  and  possible  chemical  attack  of  ammonia  in  this  polymer  is  therefore 
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ol  interest  in  several  areas  and  motivated  the  choice  of  this  polymer/penetrant 
pair  as  the  focus  of  the  present  study. 

Koros  et  a!.4  and  Patton5,  have  studied  sorption  of  SO,  in  Kapton  at  35°C\  and 
Sacher  and  Susko1'  have  studied  H/)  in  Kapton  between  20  and  55°C.  Similar 
data  for  S02  were  measured  in  the  present  study  to  substantiate  the  experimental 
techniques  employed  here.  Whereas  data  existed  for  comparison  with  the 
SCL/Kapton  work,  no  previous  studies  of  ammonia  sorption  in  this  polymer  have 
been  reported.  Pulsed  NMK  data  for  ammonia  interactions  with  polystyrene 
have,  however,  been  reported  by  Assink,  who  observed  normal  sorption/de¬ 
sorption  behavior  in  that  system." 


SORPTION  KINETICS  OF  GASES  IN  POLYMERS 


Sorption  kinetics  of  gases  and  vapors  at  low  activities  in  polymers  generally 
obey  Fick’s  law  given  by 


N  =  -D 


dC 

dx 


(1) 


where  N  is  the  diffusive  flux,  C  is  the  local  concentration,  D  is  the  diffusion 
coefficient  of  the  penetrant  in  the  polymer,  and  x  is  the  coordinate  direction  in 
which  transport  is  occurring.8  Although  the  diffusion  coefficient  may  be  con¬ 
centration  dependent,  it  is  known  that  as  long  as  eq.  (1 1  applies  in  each  local 
region  of  the  polymer,  an  effective  average  diffusion  coefficient  can  be  used  in 
the  standard  infinite  series  solution  for  an  approximate  description  of  the 
sorption  and  desorption  process.  In  such  cases,  the  effective  diffusion  coefficient 
DAv  appropriate  for  describing  transport  processes  over  a  range  of  concentrations 
from  Ci  to  C2  can  be  conveniently  defined  according  to 


and  evaluated  from  the  “short  time”  solution  of  the  infinite  series  expression 
given  in  eq.  (3)  for  uptake  into  (or  desorption  from)  a  slab  of  thickness  /: 


A/» 


'Dt\U2 

,/2 


rI/2 


+  2  £  ( — 1 ) n  ierfc 


— - — ) 


(3) 


where  Aft  and  are  the  mass  sorbed  (or  desorbed)  at  time  t  and  at  “infinite” 
time,  respectively.  For  values  of  <  0.5,  this  equation  can  be  approxi¬ 

mated  well  by  neglecting  the  infinite  series  contribution.8  Alternatively,  one 
can  evaluate  MJM,  at  the  half-point  of  either  sorption  or  desorption  and  thereby 
calculate  a  separate  effective  umusion  coefficient  from  the  sorption  run  (D.,) 
and  the  desorption  run  ( D<j)H '■ 


0.0492/2 

R1/2)* 


„  0.0492/2 
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(4b) 
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where  U  t  /2)_s  and  (( correspond  to  respec  tively  the  time  tor  sorbing  and  de¬ 
sorbing  one  half  of  the  penetrant  which  eventually  is  sorbed  (or  desorbed)  in  the 
run  under  consideration.  C onventionally.  in  cases  where  the-  dithision  coefficient 
is  dependent  on  concentration,  one  generally  equates  the  average  of  the  diffusion 
coefficients  determined  in  the  sorption  and  desorption  runs  to  DA\ 


l*AV 


IJd  +  Ds 
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(5) 


This  technique  was  applied  by  Koros  et  al.4  for  S0L>  sorption  in  Kapton  at  35°C. 
To  verify  our  experimental  techniques  and  equipment  operation,  we  performed 
a  similar  characterization  of  our  Kapton  sample. 

It  is  known  that,  in  a  given  polymer,  diffusion  coefficients  are  strongly  de¬ 
pendent  on  the  molecular  size  of  the  penetrant  molecule  considered.  A  corre¬ 
lation  between  the  Lennard  -Jones  collision  diameter  and  the  diffusion  coeffi¬ 
cients  of  various  penetrants  in  a  given  polymer  is  well  established.8  Therefore, 
the  diffusion  coefficient  of  ammonia  in  Kapton  can  be  estimated  using  reported 
diffusion  coefficients  in  Kapton  of  water  and  sulfur  dioxide  which  bracket  am¬ 
monia  in  terms  of  molecular  size.  The  semilogarithmic  plot  of  D  vs.  the  Len- 
nard-Jones  collision  diameter  showm  in  Figure  1  using  the  SO/  data  from  Patton5 
and  the  water  data  from  Sacher  and  Suskofi  at  30°C  suggests  that  an  average 
diffusion  coefficient,  corresponding  to  eq.  (5),  should  have  a  value  of  approxi¬ 
mately  1 .24  X  10-9  cm2/s.  Therefore,  it  was  anticipated  that  an  easily  measur¬ 
able  response  for  ammonia  sorption  would  be  observed  with  a  half  time  for 
sorption  calculated  from  eq.  (4a)  of  approximately  4.19  min  (or  2.05  minI/2)  in 
a  1-mil  film  and  1.05  min  (or  1.02  min,/2l  in  a  l/2-mil  film. 


O'  (A) 

Kifj.  J  Estimation  of  the  cliff usivitv  of  NH;(  in  Kapion  polvtmide  at  J0°( '  using  the-  Leonard  Jones 
collision  diameter  as  a  characteristic  size  correlation  parameter 
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EXPERIMENTAL 

Materials 

The  Kapton  poly(ether-imide)  used  in  the  present  study  was  kindly  supplied 
by  the  E.  I.  du  Pont  Company,  ('ircleville,  Ohio. 


I'  t'lon  poly(ether-imide) 


Measurements  by  precision  micrometry  indicated  film  thicknesses  of  1  ±  0.01 
and  0.5  ±  0.01  mil,  respectively,  for  the  two  different  samples  studied.  Both  the 
SO2  and  anhydrous  ammonia  used  as  penetrants  in  sorption  experiments  were 
obtained  from  Air  Products  and  Chemicals.  Inc.,  Raleigh,  NC,  at  a  purity  of 
99. 9^.  The  gases  were  used  as  received  without  further  treatment. 


Apparatus 

A  McBain  quartz  spring  balance  was  constructed  following  the  design  de¬ 
scribed  by  Hopfenherg  et  al.9  With  this  sytem,  a  direct  gravimetric  measure 
of  penetrant  uptake  w  it  hin  the  polymer  as  a  function  of  time  can  be  determined 
by  observing  changes  in  spring  extension.  To  collect  data,  a  polymer  sample 
is  suspended  from  a  calibrated  quartz  spring  within  a  constant  temperature  and 
pressure  sorption  cell.  The  mass  of  the  penetrant  sorbed  by  the  polymer  film 
is  then  determined  by  measuring  spring  extension  with  a  cathetometer. 

The  sorption  cell  and  supporting  apparatus  are  shown  in  Figure  2.  A  quartz 
spring  with  a  maximum  capacity  of  100  mg,  corresponding  to  a  maximum  ex¬ 
tension  of  approximately  200  mm,  was  hung  from  the  cell  cap.  Using  calibration 
weights,  a  spring  constant  of  0.500  ±  0.006  mg/mm  extension  was  obtained.  The 
polymer  sample  was  then  hung  at  the  base  of  the  spring.  A  glass  reference  fiber 
was  hung  parallel  to  the  spring  to  compensate  for  small  shifts  in  the  spring 
support  position  which  nn  '•*  occur  during  the  experiment.  A  precision  mi¬ 
croscope,  capable  of  detecting  spring  deflections  as  small  as  0.005  mm,  was  used 
to  observe  spring  extension.  Thus,  deflections  represented  by  masses  as  small 
as  2.5  pg  were  detectable. 

The  sorption  cell  was  maintained  at  a  constant  temperature  by  circulating  an 
ethylene  glycol  mixture  from  a  bath  through  a  fluid  jacket  enclosing  the  cell. 
Aluminum  foil  was  wrapped  around  portions  of  the  cell  and  grounded  to  reduce 
static  attraction  between  the  cell  wall  and  the  polymer  film.  A  large  vapor  res¬ 
ervoir  was  used  to  increase  the  total  volume  of  the  sorption  system,  thereby 
eliminating  measurable  fluctuations  in  pressure  within  the  sorption  cell. 
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Fig.  2.  McBain  balance  apparatus  used  for  gravimetric  determination  of  vapor  sorption  data. 


Procedures 

A  Kapton  sample  of  known  weight  was  hung  from  the  quartz  spring  and  de¬ 
gassed  for  24  h.  An  apparently,  constant  weight  of  the  degassed  sample  was 
obtained  within  lOh.  The  system,  excluding  the  sorption  cell,  was  pressurized 
with  penetrant  to  an  empirically  determined  value  that  would  give  the  desired 
sorption  pressure  when  the  stopcock  to  the  sorption  cell  was  opened.  At  time 
zero,  penetrant  was  admitted  into  the  sorption  cell,  and  the  spring  extension  was 
measured  as  a  function  of  time.  The  system  pressure  was  monitored  during  the 
experiment  and  was  permitted  to  vary  no  more  than  ±5  mm  Hg.  System  pres¬ 
sure  was  adjusted  by  either  introducing  more  penetrant  or  by  raising  or  lowering 
the  heating  tape  temperature  in  the  exterior  lines.  To  begin  a  desorption  ex¬ 
periment,  the  valve  connecting  the  sorption  cell  to  the  vacuum  line  was  opened, 
and  the  contraction  of  the  spring  was  observed  as  a  function  of  time. 

RESULTS  AND  DISCUSSION 
SO2  Sorption  Kinetics 

A  typical  normalized  sorption/desorption  cycle  for  sulfur  dioxide  in  V2-mil 
Kapton  is  shown  in  Figure  3  as  a  plot  of  M,/A4„.  For  the  sorption  cycle,  M,  is 
the  mass  of  penetrant  sorbed  at  any  time  t ,  and  is  the  mass  of  penetrant 
sorbed  at  equilibrium.  For  the  desorption  cycle,  Af,  and  Af  „  refer  to  the  mass 
of  penetrant  desorbed  at  time  t  and  at  equilibrium,  respectively.  As  shown  in 
the  figure,  penetrant  uptake  initially  varies  linearly  with  f1/2,  consistent  with 
Eq.  (3)  for  values  of  M,/M „  <  0.5.  and  eventually  becomes  concave  to  the  time 
axis.  Molecules  initially  sorb  into  the  polymer  at  a  rapid  rate  due  to  the  large 
concentration  gradient  at  the  film  surface;  and  as  the  concentration  gradient 
diminishes,  the  rate  of  penetrant  uptake  slows  and  eventually  reaches  a  satu¬ 
ration  point  at  equilibrium.  The  sorption  and  desorption  processes  are  well 
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Fig.  3.  Sorption/desorption  kinetic  runs  for  a  V2  mil  Kapton  polyimide  film  at  35°C  and  at  a  SOj 
pressure  of  0.33  atm. 

described  by  Fick’s  law;  the  lines  drawn  through  the  sorption  and  desorption 
curves  were  calculated  using  eq.  (3)  with  the  respective  value  of  Ds  =  6.75  X  10“ 11 
cm2/s  and  Dd  =  4.37  X  10“’ 1  cm2/s,  determined  using  Eqs.  (4a)  and  (4b).  It  was 
expected  that  sorption/desorption  curves  for  ammonia  in  Kapton  would  be 
similar  in  shape  to  those  for  SO2  but,  as  discussed  earlier,  would  show  that  am¬ 
monia  sorbs  and  desorbs  roughly  20  times  faster  on  a  normalized  basis  (M,/M „ ) 
because  of  its  smaller  relative  molecular  size. 

Ammonia  Sorption/Desorption  Kinetics 

Using  the  system  described  previously,  with  1 -mil-thick  Kapton  as  the  polymer 
and  ammonia  as  the  penetrant,  the  sorption  experiment  shown  in  Figure  4  was 
made  at  35°C.  The  resulting  sorption  curve  was  significantly  more  protracted 
than  was  expected  for  a  small  penetrant  like  ammonia,  which  is  not  much  larger 
than  water  in  terms  of  collision  cross  section  (Fig.  1).  Another  Kapton  film 
C/a-mil-thick)  was  loaded  into  the  cell,  and  a  similar  response  at  30°C  was  dis¬ 
covered  for  this  film  also.  Figure  5  shows  that  the  approach  to  equilibrium  was 
not  complete  even  after  two  weeks,  although  the  sorption  half-time  at  30°C  was 
calculated  from  eq.  (4a)  using  the  ammonia  D  estimated  in  Figure  1  to  be  only 
1.05  min  for  ammonia  in  a  V2-mn  unu  of  Kapton. 

Such  a  protracted  process  in  the  case  of  a  small  penetrant  such  as  ammonia 
suggests  that  simple  Fickian  sorption  as  described  by  eq.  (3)  was  not  adequate 
to  explain  the  observed  data.10  It  was  originally  suspected  that  a  physical  re¬ 
laxation  of  the  polymer  chains  was  occurring  and  causing  the  extremely  slow 
uptake  and  was  responsible  for  the  observed  deviations  from  Fickian  uptake 
kinetics.  If  the  deviations  arose  due  to  strictly  physical  interactions,  one  would 
expect  that  during  a  corresponding  desorption  run,  the  amount  of  gas  desorbed 
should  nevertheless  equal  the  amount  sorbed  when  the  surrounding  desorption 
bath  pressure  was  essentially  zero  < i.e.,  <  10“  3  torr).  As  shown  in  Figure  5,  only 
about  one- half  of  the  ammonia  which  was  sorbed  into  the  polymer  was  removed 
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Fig.  4.  NHj  sorption  kinetics  in  a  1-mil  Kapton  film  at  SS'T  and  at  an  NH3  pressure  of  0.29  atm. 
Arrow  marks  the  expected  sorption  half-time  for  ammonia  in  1-mil  Kapton  at  30°C  on  the  basis  of 
simple  size  dependent  diffusion  calculated  from  eq.  (4a)  using  the  value  for  D  estimated  from  Fig. 
1.  One  would  expect  the  diffusion  coefficient  of  ammonia  to  be  even  larger  under  the  35°C  test 
conditions  than  at  SO'C,  so  the  half-time  might  be  expected  to  be  even  shorter  than  indicated  by 
the  arrow.  The  kinetics  are  therefore  being  protracted  by  some  complex  factors. 

even  after  prolonged  pumping  {>12  days,  not  shown  in  Fig.  5).  Using  the  in¬ 
formation  from  the  sorption  cycle,  it  is  reasonable  to  assume  that  the  ammonia 
might  be  chemically  attacking  the  polymer  and  thereby  becoming  a  nondesor- 
bable  component  of  the  sample. 

The  most  likely  point  of  ammonia  attack  on  the  polymer  is  at  the  imide  linkage, 
with  resultant  formation  of  primary  and  secondary  amides: 


One  method  of  determining  whether  such  an  sttack  takes  place  is  through  the 
use  of  infrared  spectroscopy.  Amide  groups  will  become  apparent  as  new  car¬ 
bonyl  peaks  in  the  range  1630-1700  cm-1,  and  nitrogen- hydrogen  stretching  will 
appear  in  the  region  3200-3500  cm-1.11  Infrared  spectra  for  both  the  as-received 
sample  and  the  exposed  sample  corresponding  to  the  sorption  run  in  Figure  5 
are  presented  iri  Figures  6  and  7.  Clearly,  the  presence  of  the  new  carbonyl  and 
nitrogen  -hydrogen  stretching  peaks  supports  the  postulated  attack  of  ammonia 
at  the  imide  linkage. 


1170 


II. KR,  l.Al'NDON.  AM)  KOROS 


I  (doyil 


Fig  5.  Sorption/desorption  kinetic  runs  for  a  Vrmil  Kapton  polyimide  film  at  :tO°C  and  at  an 
NH3  pressure  of  ()..%  atm  Note  that  at  equilibrium  0  42  mg  of  the  penetrant  remained  in  the  polymer 
sample  after  protracted  desorption  under  vacuum 


During  the  desorption  cycle,  the  sorbed  ammonia  in  the  Kapton  sample  is 
quickly  removed,  as  shown  in  Figure  5;  hence  the  rate  of  reaction  of  ammonia 
falls  rapidly.  If  one  neglects  the  small  extent  of  reaction  which  occurs  during 
the  desorption  process  and  replots  the  data  in  the  form  )  consistent  with 

eq.  (3),  the  plot  shown  in  Figure  8  results.  Application  of  eq.  (4b)  to  the  data 
in  Figure  8  yields  a  value  of  the  diffusion  coefficient  for  ammonia  equal  to  2.35 
X  10“"  cm-/s.  The  dashed  line  through  the  data  points  in  Figure  8,  calculated 
from  eq.  (3)  using  the  above  value  of  D,  describes  the  process  quite  well  up  to  a 
value  of  =  0.6.  The  tendency  of  the  model  equation  to  deviate  from  the 

data  at  long  times  is  characteristic  of  systems  in  which  the  diffusion  coefficient 
increases  with  increasing  local  penetrant  concentration.  In  the  final  phases  of 
desorption,  the  lower  diffusion  coefficient  associated  with  the  low  level  of  pen¬ 
etrant  remaining  in  the  film  causes  the  protracted  desorption  process.  If  one 
compares  the  effective  diffusion  coefficient  estimated  from  Figure  1  strictly  on 
the  basis  of  size-dependent  factors,  it  is  obvious  that  the  diffusion  coefficient 
lies  approximately  50  'ones  lower  than  the  expected  mobility  determined  from 
strictly  size-dependent  taciors. 

The  activation  energy  Ej  for  diffusion  in  polymeric  media  is  generally  asso¬ 
ciated  with  the  energy  required  to  produce  a  sufficiently  large  gap  between  chains 
to  permit  the  passage  of  a  penetrant.1-  Diffusion  coefficients  decrease  sharply 
with  increasing  penetrant  size  due  to  the  fad  that  more  energy  must  be  available 
to  cause  formation  of  a  large  gap  to  permit  passage  of  a  large  penetrant  than  to 
cause  formation  of  a  small  gap  to  permit  passage  of  a  small  penetrant.  This  fact 
can  he  seen  from  consideration  of  Kq.  (61: 

/)  =  />„  exp  |  j  (61 
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Fig.  6.  Infrared  spectra  of  the  ss-received  and  the  NH3-eipo6ed  Kapton  polyimide  samples.  Note 
the  increased  absorbance  in  the  1630-1700  cm-1  range  consistent  with  the  reaction  shown  between 
NH3  and  the  imide  structure. 


Although  additional  factors  enter  into  determination  of  Do  and  hence  D,  the 
above  discussion  regarding  Ed  still  deals  with  the  major  issues  in  simple  size- 
dependent  diffusion.12  The  above  discussion,  which  assumes  that  Ed  is  asso¬ 
ciated  simply  with  generation  of  a  hole  into  which  the  penetrant  can  move, 
implies  that  if  a  hole  opens  next  to  a  penetrant,  no  additional  activation  energy 
is  required  to  permit  the  penetrant  to  execute  the  diffusional  jump  into  the  hole. 
In  cases  of  strongly  interacting  penetrant/polymer  systems,  such  an  assumption 
is  not  necessarily  correct,  and  one  may  expect  that  the  effective  activation  energy 
is  the  sum  of  the  polymer-related  activation  contribution  E\  and  the  pene¬ 
trant-related  activation  contribution  £2,  i.e.,  £j  =  £j  +  £2. 

If  one  neglects,  as  a  first  approximation,  differences  in  Do  between  a  weakly 
interacting  penetrant  (whose  D  should  be  given  by  the  correlation  line  in  Fig. 
1)  and  a  strongly  interacting  penetrant  such  as  ammonia,  an  estimate  of  the  A Ed 
=  (E 1  +  £2)  -  Ei  between  the  two  cases  can  be  evaluated: 

-[£,  +  £2-£,J 


aEd  =  2.4  kcal/mol 
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Fig.  7.  Infrared  spectra  of  the  as-received  and  the  NH3-expoeed  Kapton  polviraide  samples.  Note 
the  increased  absorbance  in  the  3200-3500  cm-1  range  consistent  with  the  reaction  shown  between 
NH3  and  the  imide  structure. 


One  can  therefore  explain  the  observed  lower  value  of  the  NH3  diffusion  coeffi¬ 
cient  compared  to  the  prediction  from  Figure  1  on  the  basis  of  an  additional  ac¬ 
tivation  contribution  of  slightly  over  2  kcal/mol.  This  additional  contribution 
arises  from  the  need  to  overcome  strong  specific  NH3- Kapton  interactions  prior 
to  executing  a  diffusional  jump  and  is  of  a  reasonable  order  of  magnitude  for 
hydrogen  bonding  interactions.  To  demonstrate  this  effect  completely,  one 
should  compare  the  diffusion  coefficient  and  activation  energy  of  NH3  in  Kapton 
to  another  less  strongly  interacting  penetrant  of  the  same  approximate  size  (e.g., 
neon,  <r  =  2.82  A). 


Sample  Heat  Treatment 

The  sample  corresponding  to  the  sorption/desorption  runs  in  Figure  5  was 
removed  from  the  sorption  cell  and  heated  under  vacuum  at  120°C  for  72  h.  It 
was  found  that  the  IR  spectrum  of  the  heat-treated  sample  again  approached 
that  of  the  as-received  Kapton,  suggesting  that  the  disrupted  imide  linkages 
reform  at  elevated  temperatures  with  the  elimination  of  NH3.  This  observation 
is  consistent  with  the  fact  that  the  standard  technique  for  producing  such  imide 


Presumably,  in  the  present  case,  the  recyclization  process  at  120°C  simply  gives 
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rise  to  ammonia  as  the  condensation  product  rather  than  water  as  in  the  amic 
acid  case: 


CONCLUSIONS 

Ammonia  has  been  shown  to  interact  chemically  with  Kapton  at  35°C.  The 
point  of  attack  appears  to  be  the  imide  group  present  in  the  chain  backbone. 
Over  a  two-week  period,  approximately  17%  of  the  imide  structures  were  reacted 
under  the  conditions  studied. 

It  is  likely  that  many  polymers  formed  by  the  reaction  of  amine-ended 
monomers  and  carbonyls  have  a  similar  propensity  to  undergo  ammonia  attack. 
This  fact  could  be  of  considerable  importance,  since  many  of  the  exotic,  high- 
temperature  polymers  use  amine-ended  monomers  as  starting  materials.  The 
susceptibility  of  these  polymers  to  ammonia  attack  may  be  considered  an 
"Achilles’  heel”  for  such  otherwise  robust  material.  It  is  also  possible  that  other 
basic  and,  to  a  lesser  degree,  acidic  compounds  may  react  with  the  imide  structure 
of  Kapton.  Imide  structures  tend  to  be  quite  stable  in  neutral  aqueous  envi¬ 
ronments  but  are  known  to  be  susceptible  to  attack  by  either  basic  or  strongly 
acidic  compounds.  This  fact  might  be  of  considerable  importance  in  graphite- 
reinforced  applications  where  the  bonding  between  matrix  and  filler  is  crit¬ 
ical. 

Further  research,  involving  the  use  of  pulsed  NMR  and  Raman  spectroscopy, 
could  be  useful  to  investigate  the  molecular  environment  experienced  by  the 
sorbed  ammonia  and  fur^r  aid  in  distinguishing  the  fraction  of  sorbed  mole¬ 
cules  that  are  physically  dissolved  from  those  that  have  undergone  a  specific 
chemical  reaction  with  Kapton.  The  diffusion  coefficient  estimated  for  ammonia 
in  Kapton  suggests  the  existence  of  strong  physical  as  well  as  weak  chemical 
interactions  between  this  penetrant/polymer  pair.  To  completely  model  the 
coupled  processes  of  diffusion  and  reaction  over  the  range  of  practical  impor¬ 
tance,  the  concentration  dependence  of  this  diffusion  coefficient  and  the  tem¬ 
perature  dependence  of  both  the  diffusion  and  reaction  rate  coefficients  needs 
to  be  evaluated.  This  work  is  currently  under  way. 
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Synopsis 

Permeability  data  are  reported  for  carbon  dioxide  io  Lexan  polycarbonate  at  35°C.  Measurements 
were  made  for  both  pure  carbon  dioxide  and  for  a  mixed  feed  consisting  of  carbon  dioxide  with  a 
117.8-torr  (0.155-atm)  partial  pressure  of  isopentane.  The  effects  of  varying  upstream  CO;  driving 
pressure  from  1  up  to  20  atm  were  studied.  The  permeability  to  CO;  is  reduced  significantly  in  the 
presence  of  isopentane;  however,  the  fractional  depression  of  the  CO;  permeability  due  to  the  iso¬ 
pentane  at  low  driving  pressures  is  much  more  significant  than  at  high  CO2  driving  pressures.  The 
well-known  pressure  dependence  of  carbon  dioxide  permeabilities  in  glassy  polymers,  therefore, 
is  largely  diminished  by  introducing  isopentane  to  the  pure  carbon  dioxide  feed.  These  observations 
are  consistent  with  a  model  for  transport  in  glassy  polymers  which  explains  the  observed  trends  in 
terms  of  competition  between  the  two  penetrants  for  microvoid  sorption  sites  existing  in  the  non¬ 
equilibrium  glassy  polymer.  Exclusion  of  carbon  dioxide  from  microvoid  sorption  sites  by  the  more 
condensable  isopentane  preempts  transport  through  the  microvoid  regions,  resulting  in  the  observed 
depression  of  the  CO;  permeability. 


INTRODUCTION 

Glassy  polymer  membranes  offer  unusually  high  selectivities  compared  to 
rubbery  polymers  for  separating  small  molecules  such  as  hydrogen  and  helium 
from  large  molecules.1  Experimental  data  indicate,  however,  that  the  per¬ 
meabilities  of  individual  gases  in  a  mixture,  in  many  cases,  are  quite  different 
from  those  obtained  from  pure-gas  measurements.1-2  Consequently,  separation 
factors  taken  as  the  ratios  of  pure-component  permeabilities  of  the  respective 
penetrants  can  be  significantly  different  from  those  measured  directly  with  actual 
mixed  gas  feeds. 

The  transport  of  pure  gases  in  glassy  polymers  is  satisfactorily  described  by 
the  so-called  dual-mobility  or  partial- immobilization  model.3  This  model 
contends  that  there  are  two  different  sorption  populations  associated  with  dif¬ 
ferent  molecular  environments  in  the  polymer.  The  total  sorption  concentration 
in  the  two  populations  is  described  well  by  superposition  of  a  Henry’s-law  term 
and  a  Langmuir  term.  The  Langmuir  mode  of  sorption  is  believed  to  be  asso¬ 
ciated  with  preexisting  gaps  between  unrelaxed  polymer  chain  segments  in  the 
nonequilibrium  glassy  polymer,  and  therefore  only  exists  below  the  glass  tran¬ 
sition  temperature.  Conversely,  the  Henry’s-law  mode  of  sorption  exists  both 
above  and  below  the  glass  transition  of  the  polymer  and  presumably  is  associated 
with  sorption  of  penetrant  between  chain  segments  which  have  relaxed  to  es¬ 
sentially  their  equilibrium  packing  density.  Permeation  involves  both  sorption 
in  and  diffusion  through  the  two  distinct  molecular  environments.  The  mobility 
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of  penetrant  executing  diffusional  jumps  within  and  between  these  two  molecular 
environments  can  be  different,  thereby  introducing  an  interesting  form  of  con¬ 
centration  dependence  of  the  effective  diffusion  coefficient,  even  in  the  absence 
of  plasticization.4 

On  the  basis  of  this  model,  Koros  et  al.5  proposed  that,  in  the  absence  of 
plasticization,  competition  among  penetrants  for  the  limited  excess  volume  in 
the  glassy  polymer  is  the  main  cause  for  several  previously  unexplained  effects 
of  feed  composition  on  the  performance  of  permeators  for  separation  of  gas 
mixtures.2,6  Pye  et  aL6  reported  data  for  several  glassy  polyimides  which  are 
qualitatively  consistent  with  this  hypothesis.  A  generalized  dual-mobility  model 
developed  by  Koros  et  aL5  to  deal  with  these  effects.  For  example,  when 
the  downstream  pressure  is  negligible,  the  permeability  to  a  component  A  in  a 
binary  gas  mixture  was  shown  to  be  given  by 

Pa  *  *da£oa(1  +  FaKa/(1  +  6aPa  +  6bPb)1  <l> 

The  definitions  of  the  various  parameters  in  eq.  (1)  are  presented  in  the  No¬ 
menclature  section.  The  parameters  in  eq.  (1)  can  be  obtained  simply  from 
pure-gas  sorption  and  permeability  measurements.  According  to  eq.  (11.  the 
presence  of  a  penetrant  B  with  a  very  high  affinity  constant  (be  »  bA)  can  sub¬ 
stantially  reduce  the  permeability  of  A.  This  depression  can  occur  even  if  the 
partial  pressure  of  component  B  is  considerably  smaller  than  that  of  component 
A  in  the  feed  stream.  In  this  paper,  we  present  a  model  system  designed  to  treat 
explicitly  the  premises  of  this  hypothesis. 

EXPERIMENTAL 

An  evaporator  containing  liquid  isopentane  was  added  to  the  feed  line  of  the 
system  originally  designed  by  Huvard  for  the  study  of  carbon  dioxide  permeation 
in  polyacrylonitrile.7  For  runs  involving  mixed  penetrant  feeds,  the  refrigerated 
evaporator  permitted  saturation  of  the  COj  feed  stream  with  isopentane  at  any 
chosen  temperature  prior  to  introduction  to  the  permeation  cell.  The  low  flow 
rate  of  gas  (10  cm3/min  at  room  temperature  and  pressure),  and  the  use  of  a  glass 
wool  demister  section  eliminated  entrainment  of  liquid  isopentane.  The  ther¬ 
mostat  temperature  was  controlled  at  -17.0  ±  0.1°C  to  yield  a  partial  pressure 
of  isopentane  of  117.8  ±  0.7  torr  (0.155  ±  0.0009  atm)8  in  the  feed  stream.  A 
coil-type  heat  exchanger  C/4-in.-o.d.,  10-ft-long  stainless-steel  316  tube)  was  used 
to  bring  the  gas  temperature  up  to  35°  C  before  the  feed  gas  entered  the  perme¬ 
ation  cell. 

The  manometric  permeation  system  employed  in  this  study  permits  mea¬ 
surement  of  the  flux  of  penc^t  by  monitoring  the  pressure  increase  in  a  fixed 
downstream  volume  (660  cm3)  using  a  precise  (±1%  of  reading)  capacitance 
manometer  (MKS  Baratron  221 ).  The  downstream  receiver  pressure  was  always 
at  S2  X  10~3  atm  whereas  the  upstream  driving  pressure  ranged  from  1  to  20  atm. 
The  assumption  of  an  effectively  zero  downstream  pressure  was,  therefore,  well 
satisfied.  The  permeation  measurements  were  carried  out  at  35.0  ±  0.2°C. 
Coleman-grade  carbon  dioxide  (99.99%  pure)  was  supplied  by  Air  Products  and 
Chemicals,  Inc.,  Allentown,  PA.  Certifled-grade  isopentane  (99.2%  pure!  was 
supplied  by  Fischer  Scientific  Corp.,  Pittsburgh,  PA.  The  4-mil  Lexan  poly¬ 
carbonate  film  used  in  this  study  was  supplied  by  G.E.  Corp.,  Pittsfield.  MA. 
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By  the  procedures  outlined  in  Appendix  A,  using  the  data  reported  by  both 
Barrie  et  al.9  and  Koros  et  al.,10  the  permeability  of  polycarbonate  to  isopentane 
at  35°C  and  0.155  atm  is  estimated  to  be  ca.  7  x  10~12  cm;!(STP)cm/(cm2  s 
cmHg).  On  the  other  hand,  the  permeability  of  pure  carbon  dioxide  at  the  lowest 
pressure  studied  is  6.28  X  10-l°  cm3(STP)cm/(cm2  s  cmHg).  For  the  present 
study,  the  partial  pressure  of  isopentane  was  maintained  at  0.155  atm  and  the 
lowest  COa  partial  pressure  was  5.294  atm.  Under  these  conditions,  the  flux  of 
carbon  dioxide  through  the  Lexan  film  will  then  be  approximately  3100  times 
that  of  isopentane  under  steady-state  permeation  conditions.  Even  if  the 
competition  effect  mentioned  previously  lowered  the  permeability  of  carbon 
dioxide  to  one-half  its  pure-component  value,  the  contribution  of  isopentane 
at  steady  state  to  the  overall  flux  is  less  than  0.1%  and  can  be  neglected  in  con¬ 
sidering  the  overall  diffusive  flux. 

The  time  required  to  reach  apparent  steady-state  CO?  permeation  for  the  4-mil 
film  used  in  the  present  study  was  on  the  order  of  1.5-2  h  for  both  the  pure  and 
mixed  feed  cases.  After  achievement  of  apparent  steady-state  permeation,  the 
downstream  receiving  volume  was  evacuated  and  the  apparent  permeability  was 
rechecked  at  least  one  or  two  more  times  to  verify  that  the  flux  was  indeed  con¬ 
stant  after  the  2-h  period. 

Based  on  the  transport  model  described  earlier,5  a  numerical  non-steady-state 
permeation  analysis  was  performed  using  parameters  for  the  CO?/ polycarbonate 
system  reported  earlier.4  The  calculations  indicate  that  essentially  steady-state 
CO2  permeation  behavior  is  to  be  anticipated  in  the  4-mil  Lexan  film  at  35"C 
after  less  than  2  h  in  both  the  pure  and  mixed  feed  situations.  These  model 
calculations  hold  as  long  as  local  sorption  equilibrium  of  all  mixture  components 
is  attained  rapidly  at  the  two  membrane  faces,  even  if  the  isopentane  flux  is  far 
from  steady  state.  These  model  predictions  are  consistent  with  the  observations 
noted  above;  however,  the  relatively  thick  film  used  in  the  present  study  (4  mils) 
precluded  the  possibility  of  waiting  for  steady-state  permeation  of  isopentane 
to  confirm  unequivocally  all  details  of  the  model  predictions.  On  the  basis  of 
the  estimated  magnitudes  of  the  transport  parameters  for  isopentane  (Appendix 
A)  one  would  expect  that  the  establishment  of  steady-state  permeation  for  iso¬ 
pentane  would  require  approximately  nine  months  at  35°C  in  a  4-mil  polycar¬ 
bonate  film.  An  analysis  of  the  non-steady-state  behavior  of  such  mixed  pene¬ 
trant  systems  will  be  described  in  detail  in  another  article.  However,  a  brief 
discussion  of  the  time  lag  which  reflects  the  time  required  to  reach  steady-state 
permeation  is  included  in  Appendix  B. 

RESULTS  AND  DISCUSSION 

The  permeability  to  CO?,  both  in  the  absence  and  in  the  presence  of  the 
0.155-atm  isopentane  partial  pressure,  is  plotted  as  a  function  of  feed  pressure 
in  Figure  1.  Curve  1  represents  the  data  in  the  presence  of  isopentane,  while 
Curve  2  represents  the  corresponding  permeabilities  of  carbon  dioxide  in  the 
same  Lexan  film  in  the  absence  of  the  isopentane  contaminant.  The  perme¬ 
ability  of  the  polycarbonate  film  to  pure  CO2  was  essentially  the  same  before  and 
after  exposure  to  the  low  partial  pressure  of  isopentane.  This  indicates  that  no 
significant  permanent  change  in  the  polycarbonate  film  was  effected  by  exposure 
to  the  low  partial  pressure  of  isopentane.  It  is  apparent  that  the  depression  effect 
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Fig.  1.  Permeability  of  C0>  in  polycarbonate  at  35°C  in  the  presence  11)  and  abaence  (21  of  a 
1 17.8-mmHg  partial  pressure  of  isopentane  in  the  upstream  feed  to  the  cell. 


of  isopentane  on  the  carbon  dioxide  permeability  is  large  at  low  pressures  (ca. 
20%  at  pcoj  *  5  atm)  and  gradually  diminishes  as  the  driving  pressure  of  carbon 
dioxide  increases,  becoming  negligible  when  pcc>2  -  20  atm. 

According  to  eq.  (1),  if  carbon  dioxide  is  designated  as  A  and  isopentane  as 
B,  then  for  the  pure-component  C0>  case,  we  have 

Pa  -  AdaOda  [1  +  PaA'a/U  +  &aPa>]  (2) 

In  such  a  case,  the  permeability  of  pu:e  carbon  dioxide  is  a  linear  function  of  l/<  I 
+  6aPa)  with  an  intercept  of  AdaDda  and  a  slope  equal  to  AdaDdaPaAa-  This 
relationship  is  verified  in  Figure  2  fot  'he  case  where  pure  carbon  dioxide  is  used 


POLYCARBONATE /  CO 


I  /( 1 +  bP  ) 

Fig.  2.  Permeability  of  pure  CO;  at  35*C  plotted  according  to  eq.  (21. 
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TABLE  l 


Sorption  Parameters  for  Carbon  Dioxide  in  Polycarbonate  at  35°C 


Ch 

b 

ko 

(cmHSTPl/cm1) 

(atm-1) 

[cm-'tSTPI/cm3  atm| 

Koros  et  al.10 

18.805 

0.2618 

0.6852 

Sanders11 

17.61 

0.2563 

0.6751 

as  the  feed.  The  plot  also  provides  the  parameters  feuDo  and  FK  for  carbon 
dioxide.  The  sorption  parameters  of  carbon  dioxide  were  determined  from 
sorption  data  provided  by  this  laboratory11  and  are  reproduced  in  Table  I;  the 
parameters  reported  by  Koros  et  al.10  are  also  included  for  comparison.  On  the 
other  hand,  the  affinity  constant  of  isopentane  is  not  currently  available. 
Although  a  direct  test  of  the  validity  of  eq.  (1)  is  therefore  not  possible,  eq.  (I) 
can  be  rearranged  to  give  eq.  (3),  which  permits  a  test  of  the  accuracy  of  the 
general  form  of  eq.  (1)  under  conditions  in  which  Pb  is  held  constant: 

fepA^QA  1  +  6bPb  ,  h  vPa 
Pa-*daDda  FkKk  F.kKk 

Plotting  the  left-hand  side  of  eq.  (3)  against  p\  one  should  Find  a  straight  line 
with  an  intercept  of  ( 1  +  6bPb)/FaKa  and  a  slope  equal  to  b\/F\K\  by  applying 
linear  regression  analysis.  Since  6b  is  the  only  unknown,  it  is  then  possible  to 
calculate  the  value  of  6  b  using  the  intercept  of  this  plot.  The  plot  shown  in 
Figure  3  using  the  data  in  Table  I  and  Figure  1  yields  a  good  straight  line  and 
indicates  a  value  of  6b  equal  to  13.97  atm'1.  The  linearity  of  the  plot  provides 
satisfying  consistency  with  the  theory  presented  previously.  The  value  of  the 
slope  in  eq.  iCl  determined  from  this  figure  (0.245  atm-1)  is  sensitive  to  experi- 


0  atm 

A. 

Fig. Data  from  Fig.  1  plotted  according  toeq.  (3)  for  estimation  of  the  affinity  constant  of  iso¬ 
pentane  in  polvcarbonate  at  35°C. 
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mental  uncertainty  in  the  mixed  gas  data;  however,  its  value  is  satisfyingly 
consistent  with  the  corresponding  value  calculated  independently  from  pure- 
component  CO2  data  (0.291  atm-1  *  b\/F^K^). 

The  affinity  constants  for  various  fixed  gases  in  Lexan  polycarbonate  can  be 
correlated  well  using  the  Lennard-Jones  potential-well  depth  of  the  respective 
gases  as  shown  in  Figure  4.  The  affinity  constant  estimated  in  the  present  study 
for  isopentane  along  with  the  value  for  n-propane  reported  by  Barrie  et  al.9  are 
also  included  in  this  figure.  No  experimental  data  are  available  for  t/k  for  iso¬ 
pentane;  therefore  the  value  was  estimated  using  the  predictive  methods  sum¬ 
marized  by  Reid  et  al.12  The  differences  in  the  predicted  values  of  t/k  are  re¬ 
flected  by  the  uncertainty  in  Figure  4.  Depending  on  the  correct  value  of 
t/k  for  isopentane,  one  might  conclude  that  ln(6)  either  correlates  linearly  with 
t/k  or  tends  to  increase  more  than  linearly.  The  affinity  constant  reported  by 
Barrie  for  n-propane  would  tend  to  suggest  a  higher-order  dependency  on  t/k 
since  the  value  of  b  for  n-propane  lies  substantially  above  the  line  drawn  through 
the  data  for  fixed  gases.  Direct  sorption  measurement  of  the  affinity  constant 
for  isopentane  will  be  performed  in  the  future  for  comparison  to  the  indirect 
estimate  reported  here  on  the  basis  of  transport  measurements. 

CONCLUSIONS 

Carbon  dioxide  permeability  was  reduced  by  up  to  20%  compared  to  the 
pure-component  case  by  the  presence  of  a  partial  pressure  of  isopentane  in  the 
feed  of  only  0. 155  atm  at  a  total  pressure  of  5  atm.  The  predictions  of  the  gen¬ 
eralized  dual-mobility  model  for  mixed  penetrants  agree  well  with  the  experi¬ 
mental  data  reported  here.  The  sorption  affinity  constant  of  isopentane  in  Lexan 
estimated  through  eq.  (3)  is  reasonably  consistent  with  a  value  predicted  by  a 
correlation  between  Lennard— Jones  potential-well  depth  and  the  affinity  con- 
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Fig.  4.  Affinity  constants  of  panatranta  in  polycarbonate  at  35*C  plotted  vs.  the  Lennard-Jones 
potential- well  depth  t/k. 
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slants  of  several  penetrants.  This  correlation  was  established  previously  through 
direct  sorption  measurements  with  various  penetrants  in  Lexan  polycarbonate 
at  35°C.  The  present  work  then  provides  additional,  albeit  indirect,  support 
for  the  validity  of  the  proposed  model  for  mixed  penetrant  sorption  and  transport 
in  glassy  polymers.  Direct  and  more  comprehensive  verification  of  the  model 
is  currently  under  way  using  several  gases  and  vapors  in  a  number  of  poly¬ 
mers. 

The  authors  gratefully  acknowledge  the  support  of  this  work  by  combined  grants  from  the  National 
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DAAG29-81  -K-0039.  Also,  the  help  of  Mr.  E.  S.  Sanders  in  collecting  the  sorption  data  for  COt  in 
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APPENDIX  I:  ESTIMATION  OF  THE  PERMEABILITY  OF 
POLYCARBONATE  TO  ISOPENTANE  AT  35°C  AND  0.155  atm 
DRIVING  PRESSURE 

The  value  of  the  permeability  of  polycarbonate  to  isopentane  (component  B)  can  be  calculated 
from  eq.  (Al)  if  values  of  the  appropriate  sorption  and  transport  parameters  are  available,  via, 

Pb  m  +  FbKb/G  +  5aPa  +  5bPb)1  (Al) 

or 

Pb  m  ko&Daa  +  OmbChb^bAI  +  5aPa  +  5bpb)  (A2I 

The  maximum  value  of  Pb  will  correspond  to  the  case  Pa  ”  0,  so  that 

(PbIihm  *  ^DB^PB  +  WhbCkb*b/(1  +  5hPb)  (A31 

where  pa  ”  0. 155  atm  in  all  cases  for  the  present  study.  Experimental  values  of  the  required  dual¬ 
mode  parameters  (Dob.  DHb.  *db.  Chb^b.  bs>  were  not  available.  Therefore,  an  estimation  scheme 
was  developed  based  on  empirical  linear  con  “lationa  between  the  logarithms  of  these  parameters 
and  physical  properties  of  several  gases  which  have  been  studied  previously.9-10 

Linear  correlations  of  logDo  and  logDn  as  functions  of  penetrant  diameter  are  presented  in  Figure 
5.  In  the  correlation,  the  Lennard-Jones  collision  diameter  was  used  for  all  gases  except  CO?.  It 
was  shown  earlier10  that  the  transport  parameters  Do  and  D h  for  CO2  are  more  appropriately  cor¬ 
related  with  the  zeolite  sieving  dimension  for  this  penetrant,  presumably  because  of  its  highly  linear 
and,  therefore,  asymmetric  structure.  Linear  regression  of  the  data  yielded  the  correlation  coeffi¬ 
cients  reported  in  Table  II  and  values  of  D db  sad  Dhb  equal  to  3  X  10-12  and  1.89  X  10-13  cm*/*, 
respectively. 

Linear  correlations  of  ho  and  C’Hb  are  shown  in  Figures  6  and  7  as  functions  of  the  penetrant 
Lennard-Jones  potential-well  depth.  A  similar  correlation  is  presented  above  for  the  penetrant 
affinity  constant,  b  (Fig.  4).  As  noted  earlier,  some  uncertainty  exists  in  the  value  of  t/k  for  iso- 


TABLE  II 

Linear  Correlation  Coefficients  of  the  Various  Correlations  of  Log(X)  vs.  Y 


X 

Y 

Correlation 

coefficient* 

D0X  (0* 

-0.994 

Dh  X  10* 

<r 

-0.962 

*0*  10* 

t/k 

0.960 

CHb 

t/k 

0.989 

b 

t/k 

0.989 

•  The  square  of  the  correlation  coefficient  is  defined  to  be  the  ratio  of  the  regression  sum  of  squares 
to  the  total  sum  of  squares. 


DEPRESSION  OF  CARBON  DIOXIDE  PERMEATION 


761 


5  100 

a 


£  /  K  t*K 

Fig.  7.  Correlation  between  Ch6  and  t/k.  The  arrow  indicates  the  estimated  parameter  value 
for  isopentane. 


pentane  since  data  are  not  reported  for  this  penetrant.  The  largest  value  of  t/k  calculated  by  the 
various  estimation  techniques13  provide  conservatively  large  estimates  of  the  composite  parameters 
C'»b  and  the  Henry's-law  parameter  for  isopentane.  The  estimates  of  ko  and  CHb  for  isopentane 
from  Figures  6  and  7  are  58.38  and  5693  cm3(STP)/cm3  atm,  respectively.  Using  these  estimates 
along  with  the  value  of  6b  ”  13.97  atm”1  estimated  earlier,  one  predicts  a  value  of  isopentane  per¬ 
meability  equal  to  a«7  X  10-12  cm^STPlcmAcm2  s  cmHg)  for  the  case  in  which  there  is  an  upstream 
isopentane  pressure  of  117.8  torr.  The  extraordinarily  low  permeability  to  isopentane  under  the 
conditions  imposed  in  this  system  will  produce  a  negligibly  small  contribution  to  the  massive  COj 
flux  to  the  downstream  chamber. 


APPENDIX  II:  THE  TIME  LAG  OF  COMPONENT  A  IN  THE 
PRESENCE  OF  COMPONENT  B 

According  to  the  dual-mobility  model,  the  equation  of  continuity  for  component  A  in  a  flat 
membrane  can  be  written  as3 

^--D  (B1) 

dr  dx 

where  Cm*  »  Cda  +  F aCha  i*  a  convenient  variable  comprised  of  s  combination  of  the  so-called 
“dissolved”  (Cda)  and  "Langmuir"  populations  (Ch).  The  parameter  is  equal  to  the  ratio  of 
the  diffusion  coefficient  of  species  A  in  the  Langmuir  environment  (On a)  to  the  diffusion  coefficient 
of  species  A  in  the  dissolved  environment  (Dqa).  Following  Frisch,13  integration  of  eq.  (Bl)  at  time 
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t  with  respect  to  x  assuming  zero  concentration  at  the  downstream  face  gives 


and 


f. 


1  flCA  j  _  „  dCMA 

"  dx  *  ~  Oda - 

df  dx  *• 


f'  C^-dxdx’  f°  DDAdCMA 

•/0  «/«'  of 


(B2) 


Assuming  instantaneous  equilibrium  is  attained  and  maintained  at  the  membrane  surfaces,  then, 
Cma  (the  value  of  Cma  at  x  »  0)  is  equal  to  its  steady-state  value  for  ail  limes  greater  than  zero,  and 
we  have 


C'  C‘^£±dzdi'  -  -.VA(l.t)i  +  lNf  (B31 

J o  Jt'  dt 

where  NA(I,t)  is  the  flux  of  A  at  the  d^vnatream  face  at  time  t,  and 

V*S  ”  ;  X  ^DA  d^s4A 

is  the  steady-state  flux  of  A.  Integration  of  eq.  >B3i  --ith  respect  to  time,  followed  by  integration 
by  parts  gives 

7Qa(t)-7«f-  f'x'[CA<x'.D-CA(x'.0>|dx  (B4) 

A  A  Jo 

where 


QA(t)  -  A  £  N^Wdt, 

Qtf-Kf'Nfdt 

and  A  is  the  diffusion  area.  As  t  approaches  infinity,  QA(t)  approaches  AN^(t  -  0A),  where  0A  is 
the  time  lag  for  component  A11 

Consequently,  for  the  case  treated  here  in  the  absence  of  concentration  dependence  of  f  A  and 
Dva  and  for  an  initially  degassed  film  [CA(x,t  ■  0) »  0),  eq.  (B4)  simplifies  to 

•^ikS^cr,M  1651 

This  equation  indicates  that  the  value  of  0A,  and  hence  the  time  required  to  reach  steady-state  per¬ 
meation  of  component  A,  is  independent  of  the  time  to  approach  steady-state  permeation  for  com¬ 
ponent  B  as  long  as  the  boundary  conditions  do  not  vary  with  time  and  the  partial  immobilization 
model  describes  transport.  Moreover,  consistent  with  eq.  ( 1 1 ) ,  although  .V-j?  and  C^(x )  may  both 
be  substantially  suppressed  by  competition  from  component  B  for  the  Langmuir  environment.  0A 
may  be  relatively  insensitive  to  the  presence  of  the  second  component  in  the  feed  stream.  This 
conclusion  is  consistent  with  our  experimental  observations  in  the  present  study  with  mixtures  which 
suggested  that  steady-state  permeation  was  achieved  over  time  scales  similar  to  that  for  pure  com¬ 
ponent  COj. 


ivomenciature 


A 

6. 

CA(x^> 


Cma 

Do 

Dh 

F 

*o 

K 


Area  available  for  diffusion 

Affinity  constant  of  component  i  for  the  polymer  (atm"1) 

Total  concentration  of  component  A  in  polymer  at  time  t  and  distance  x  from  the 
upstream  face 
“  Cda  +  EaCha 

Diffusion  coefficient  of  the  Henry's-law  species  (cm2/*) 

Diffusion  coefficient  of  the  Langmuir  species  km2/*) 

Ratio  of  Langmuir  and  Henry's-law  diffusion  coefficients 
Henry’s-law  constant  [cm3  gas  (STP).'cm3  polymer  stm| 

C'nb/ko  where  CH  is  the  capacity  of  Langmuir  mode  [cm3  gas  <STP)/cm3  polymer) 
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N  a(1  ,i  )  Flux  of  component  A  at  the  downstream  face  at  time  t 
JVf  Steady-state  flux  of  component  A 
Pi  Upstream  driving  pressure  for  penetrant  i  (atm) 

Q(t)  -a£  N*lU)dt 
Qf  -Aj^Nfdt 

Pi  Permeability  of  component  i  [cm3(STP)cm/cm2  s  cmHg| 

</At  Lennard-Jones  potential-well  depth  (K) 
a  Collision  diameters  of  the  penetrants  in  Lennard-Jones  potential  equation  (A) 

0a  Time-lag  value  for  component  A  (s) 
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Summary 

Data  for  CO,  permeability  through  Kapton  polyimide  at  60° C  are  reported  for  up¬ 
stream  pressures  up  to  240  psia  (16.33  atm)  in  the  presence  and  absence  of  water  vapor 
in  the  feed.  The  carbon  dioxide  flux  was  depressed  by  the  presence  of  the  water  vapor. 
This  phenomenon  is  analyzed  in  terms  of  the  dual  mode  sorption  and  transport  models. 
Together  with  other  recent  sorption  and  permeation  data,  this  study  suggests  that  compe¬ 
tition  of  mixed  penetrants  for  sorption  sites  and  transport  pathways  associated  with  unre¬ 
laxed  volume  in  glassy  polymers  is  a  general  feature  of  gas/glaasy  polymer  systems.  The 
permselectivity  of  a  membrane  to  a  mixture  of  penetrants  is  strongly  related  to  its  ability 
to  maintain  a  size  and  shape  differentiating  matrix,  that  is,  to  remain  essentially  unplasti¬ 
cized  under  operating  conditions.  Under  such  conditions,  competition  among  penetrants 
for  excess  volume  will  be  a  generally  important  consideration  for  modeling  gas  permeation 
in  permselective  membranes. 


Introduction 

General  considerations 

High  membrane  permselectivity  is  generally  associated  with  a  rigid  chain 
backbone  of  the  constituent  polymer,  providing  sieving  on  a  molecular  scale 
[1,2].  At  sufficiently  high  driving  pressure  (i.e.,  at  high  sorbed  penetrant  con¬ 
centration),  plasticization  of  the  polymer  is  expected  to  flexibilize  the  dis¬ 
criminating  matrix  with  a  reduction  in  the  permselectivity  of  the  membrane. 
Although  this  can  occur  at  sufficiently  high  sorbate  concentrations  for  essen¬ 
tially  all  glassy  materials,  selection  of  a  membrane  material  with  a  high  glass 
transition  temperature  and  extraordinary  inherent  backbone  rigidity  should 
minimize  such  deleterious  effects. 

Often  the  ratio  of  pure  component  permeabilities  at  an  arbitrary  pressure 
for  the  two  components  is  used  as  an  indication  of  the  potential  selectivity  of 


•Paper  presented  at  the  IUPAC  Symposium  on  Interrelations  between  Processing,  Struc¬ 
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Greece. 
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a  candidate  membrane.  While  this  approach  offers  a  useful  approximation,  the 
actual  selectivity  and  productivity  (flux)  observed  in  the  mixed  gas  case  may 
be  surprisingly  different  from  those  predicted  on  the  basis  of  pure  compo¬ 
nent  data.  In  the  words  of  Pye  et  al.  (3],  the  permeability  of  a  membrane  to 
a  component  A  may  be  reduced  due  to  the  sorption  of  a  second  component 
B  in  the  polymer  which  . .  effectively  reduces  the  microvoid  content  of  the 
film  and  the  available  diffusion  paths  for  the  non  reactive  gases”.  The  present 
paper  will  offer  additional  experimental  and  theoretical  insight  into  this 
interesting  effect. 


Unrelaxed  volume 

The  unrelaxed  volume  shown  schematically  in  Fig.  1  corresponds  to  the 
difference  between  the  actual  glassy  sample  specific  volume,  Vt,  and  the 
equilibrium  densified  specific  volume,  ,  achieved  after  extensive  annealing. 
Differences  in  the  amount  of  this  excess  volume  in  various  samples  of  the 
same  polymer,  related  to  differences  in  processing  histories,  will  be  reflected 


RUBBER 


'  actual  glassy  \ 
9  l  specific  volume! 


1/  i 


Si 


equilibrium  volume 
deos'f'ed  glass 


Temperature  — » 

Fig.  1.  Schematic  representation  of  the  excess  volume  (Vg  -  V|)  of  a  glassy  polymer. 


as  differences  in  the  sorption  and  transport  properties  of  the  samples.  The 
deviation  of  the  actual  volume  from  the  equilibrium  volume  is  a  direct  mani¬ 
festation  of  the  nonequilibrium  nature  of  the  glassy  state  and  enters  directly 
in  current  model  descriptions  of  sorption  and  transport  [  1  ] . 

Sorption  and  permeation  of  pure  gases 

The  sorption  of  a  pure  gas  in  a  glassy  polymer  is  described  very  satisfactori¬ 
ly  by  the  dual  mode  sorption  model  (1,4—6}.  The  model  attributes  the 
distinct  shape  of  such  isotherms  to  the  fact  that  uptake  of  gas  in  the  glass 
occurs  simultaneously  in  two  molecularly  distinct  environments.  The  first 
contribution,  CD,  generally  referred  to  as  the  dissolved  or  the  Henry’s  law 
component,  is  present  not  only  in  glasses,  but  also  rubbers  and  even  low 
molecular  weight  liquids. 

The  second  contribution  to  sorption  in  a  glass,  CH ,  is  not  present  in 
rubbery  polymers  or  low  molecular  weight  liquids.  This  term,  typically 
referred  to  as  the  Langmuir  component,  is  associated  with  uptake  of  the 
penetrant  by  regions  comprising  the  unrelaxed  volume,  ( Vf  -  V,),  introduced 
in  the  discussion  of  Pig.  1 .  This  additional  mode  of  sorption  is  believed  to 
contribute  to  many  of  the  unusual  transport  behaviors  observed  for  gas/ 
glassy  polymer  systems. 

The  dual  mode  sorption  model  is  generally  written  as  shown  in  eqn.  (1): 

Cm  bp 

C  =  kDp  +  -fjp  (1) 

1  *  bp 

where  kD,  C h,  and  b  are  generally  referred  to  as  the  Henry’s  law  constant, 
the  Langmuir  capacity  constant  and  the  Langmuir  affinity  constant,  respec¬ 
tively  (1J. 

The  corresponding  equation  for  the  steady  state  permeability  of  a  pure 
component  in  glassy  polymers  is  described  satisfactorily  by  the  dual  mobility 
or  partial  immobilization  model  (6,7}.  When  the  downstream  receiver  pres¬ 
sure  is  zero,  the  permeability  is  given  by  eqn.  (2)  (6] : 

l  FK  \ 

p '  *»°°  0 +  rr^l  <2> 


where  Dd  is  the  diffusion  coefficient  of  the  penetrant  in  the  Henry’s  law  en¬ 
vironment,  F  is  the  ratio  of  the  diffusion  coefficient  of  the  penetrant  in  the 
microvoid  environment  to  that  in  the  Henry’s  law  environment  (F  =  Dh/Dd), 
and  K  -  C«  b/kD  is  a  useful  collection  of  the  sorption  parameters  introduced 
above.  The  first  term  in  eqn.  (2)  describes  transport  related  to  the  Henry’s  law 
environment,  while  the  second  term  is  related  to  the  Langmuir  environment. 
The  values  of  Dd  and  DH  are  usually  taken  to  be  constant.  This  assumption 
has  been  shown  to  be  adequate  tor  describing  the  permeabilities  of  a  number 
of  glassy  polymers  to  permanent  gases  [8—11}.  Stem  [12}  has  further 
generalized  the  model  to  account  for  concentration  dependence  of  the  trans¬ 
port  coefficients  under  conditions  for  which  plasticization  becomes  impor¬ 
tant. 


Mixed  component  sorption  and  transport 

Arguments  similar  to  those  presented  above  for  pure  components  have 
been  extended  to  generalize  the  expressions  given  in  eqns.  (1)  and  (2)  to 
account  for  mixed  penetrants  as  shown  below  1 13, 14} : 


Oa  -  ^daPa  + 


Cha^aPa 
1  +  &aPa  +  &bPb 


r“  "  hDAD°‘  ('  *  l  * b^T i ,p,  ) 


In  the  above  expressions,  "A"  refers  to  the  component  of  primary  interest 
while  “B”  refers  to  a  second,  competing  component. 

The  permeability  of  a  polymer  to  a  penetrant  depends  on  the  multiplica¬ 
tive  contribution  of  a  solubility  and  a  mobility  term.  These  two  factors  may 
be  functions  of  local  penetrant  concentration  in  the  general  case.  Robeson 
[15]  has  presented  data  for  C02  permeation  in  polycarbonate  in  which  both 
solubility  and  diffusivity  are  reduced  due  to  antiplasticization  caused  by  the 
presence  of  the  strongly  interacting  4,4'-dichloro  diphenyl  sulfone.  On  the 
other  hand,  sorption  of  a  less  strongly  interacting  penetrant,  such  as  a  hydro¬ 
carbon,  may  affect  primarily  only  the  solubility  factor  without  significantly 
changing  the  inherent  mobility  of  the  penetrant  in  either  of  the  two  modes. 
Flux  reduction  in  this  latter  context  occurs  simply  because  the  concentration 
driving  force  of  penetrant  A  is  reduced.  This  results  from  the  exclusion  of  A 
by  component  B  from  Langmuir  sorption  sites  which  were  previously  avail¬ 
able  to  penetrant  A  in  the  absence  of  B. 

Consistent  with  the  preceding  discussion  concerning  flux  reduction  by 
relatively  non  interacting  penetrants,  the  sorption  data  shown  in  Fig.  2  clearly 
illustrate  the  progressive  exclusion  of  C02  from  Langmuir  sorption  sites  in 
poly  (methyl  methacrylate)  (PMMA),  as  ethylene  partial  pressure  is  increased 
in  the  presence  of  an  essentially  constant  C02  partial  pressure  of  1.53  ±  0.04 
atm  [16].  The  tendency  of  the  CO}  sorption  shown  in  Fig.  2  to  decrease 
monotonically  with  ethylene  pressure  provides  impressive  support  for  the 
competition  concept  on  which  eqns.  (3)  and  (4)  are  based.  Permeation  data 
are  not  available  for  this  system  to  determine  if  changes  in  the  values  of  Dd 
and  occur  in  the  mixed  penetrant  situation;  however,  for  the  case  of  the 
relatively  non-interacting  ethylene,  any  such  effects  are  expected  to  be  minor. 

The  data  shown  in  Fig.  3  illustrate  the  reduction  of  permeability  of  poly¬ 
carbonate  to  COj  caused  by  -ompetition  between  isopentane  and  C02  for 
Langmuir  sorption  sites  [17].  The  flux  depression  shown  in  Fig.  3  was  found 
to  be  reversible,  with  the  permeability  returning  to  the  pure  COj  level  after 
sufficient  evacuation  of  the  isopentane-contaminated  membrane.  Even  at  the 
low  isopentane  partial  pressure  considered  (0.1539  atm),  the  tendency  is  clear 
for  the  COj  permeability  to  be  depressed  from  its  pure  component  level  to¬ 
ward  the  limiting  value  (PA  =  Ada^da).  corresponding  to  complete  exclusion 


of  COj  from  the  Langmuir  environment.  Further  increases  in  the  isopentane 
partial  pressure  in  the  feed  should  eventually  complete  the  depression  of  C02 
permeability  to  its  limiting  value  of  4.57  Barrers*  unless  plasticizing  effects  set 
in  at  the  higher  isopentane  levels.  This  suggests,  for  example,  that  the  effec¬ 
tive  COj  permeability  at  2  atm  could  be  reduced  by  as  much  as  36%  due  to 
small  amounts  of  such  hydrocarbons  in  the  feed  stream. 

The  lines  drawn  through  the  data  in  Fig.  3  were  calculated  from  eqns.  (2) 
and  (4)  for  the  pure  and  mixed  penetrant  feed  situations,  respectively,  using 
the  same  model  parameters  in  both  cases  [  1 7 J .  The  satisfactory  fit  of  the 
Hr±a  suggests  that  Dd  and  DH  for  C02  in  the  mixed  feed  case  are  not  affected 
measurably  by  the  presence  of  the  relatively  non-interacting  isopentane.  For 
;!.e  case  of  C02  flux  depress:,/.. 3  by  water  in  Kapton  which  will  be  discussed 
later,  it  appears  that  water  affects  not  only  the  C02  solubility  due  to  simple 
competition,  but  also  to  a  slight  degree  the  C02  mobility  compared  to  that  of 
pure  dry  0O2 . 

Experimental 

Materials 

The  0.3  mil  Kapton  film  used  in  the  present  study  was  kindly  supplied  by 
the  E.I.  DuPont  Company,  Circleville,  Ohio.  After  being  mounted  in  the 
permeation  cell,  the  film  was  conditioned  at  60°C  and  300  psia  CO}  from 
the  feed  side  for  roughly  24  hours.  However,  it  was  found  later  that  this  step 
does  not  change  the  permeability  of  the  film,  presumably  because  of  the 
rigid  molecular  structure  of  Kapton.  This  finding  supports  the  presumption 
that  a  rigid-chain  membrane  forming  polymer  with  high  Tt  is  free  from  the 
conditioning  effects  observed  for  less  rigid  glassy  polymers  such  as  poly¬ 
carbonate  and  polysulfone.  This  property  may  be  important  for  retaining 
high  membrane  selectivity  as  the  feed  temperature  or  pressure  increases.  The 
CO,  used  in  our  permeation  studies  was  obtained  from  Airco,  Inc.,  Raleigh, 
North  Carolina  and  had  a  purity  of  over  99.99%.  Deionized  and  degassed 
water  was  used  as  a  flux  depressing  agent  and  was  introduced  into  the  feed 
stream  using  a  precisely  temperature-controlled  gas  saturator  (±0.05°C)  which 
has  been  described  earlier  (17], 

Equipment 

The  permeation  equipment  consisted  of  a  well-thermostated  (±0.1°C)  pick¬ 
up  gas  flow  system  using  nitrogen  (>99.99%  pure)  as  the  carrier  gas  at  the 
downstream  membrane  »  nt>  The  pickup  gas  flow  rate  was  adjusted  to  main¬ 
tain  the  penetrant  concentrations  below  2000  ppm  and  was  fed  to  a  Varian 
3700  gas  chromatograph  for  evaluation  of  CO}  steady  state  permeabilities. 
Long  term  permeation  runs  were  performed  to  guarantee  the  establishment 
of  steady  state.  It  was  found,  however,  that  steady  state  permeation  for  C02 
was  established  through  the  thin  films  in  roughly  one  hour.  At  least  four 
replicate  measurements  were  made  for  use  in  permeability  calculations  at  each 
condition,  which  vary  at  most  ±0.5%  from  the  average  values. 

*1  Barrer  =  10''°  (cm’(STP)-cm)/(cm’-«ec-cmHg). 
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Carbon  dioxide  permeabilities  were  determined  at  60°C  as  functions  of  up 
stream  C02  pressure  for  the  pure  component  case  and  in  the  presence  of 
water  as  a  competing  species.  The  same  film  sample  was  used  in  all  experi¬ 
ments.  It  was  found  that  the  flux  depression  effects  due  to  the  presence  of 
water  vapor  were  completely  reversible  after  prolonged  evacuation  and  con¬ 
ditioning  under  18  atm  C02  pressure  on  the  feed  side  of  the  contaminated 
film,  thereby  indicating  no  permanent  changes  occurred  in  the  film  during 
the  measurements.  These  observations  are  consistent  with  those  of  Pye  et  al. 
13]. 

Results  and  discussion 
Pure  component  data 

Pure  component  C02  permeability  data  in  Kapton  at  60°  C  are  presented 
in  Fig.  4  as  a  function  of  upstream  C02  partial  pressure.  The  downstream 
C02  partial  pressure  was  always  less  than  2  mmHg  (2.632  X  10~3  atm)  and 
could  therefore  be  neglected  in  all  permeability  calculations  compared  with 
the  superatmospheric  upstream  pressure.  The  permeability  of  Kapton  to  CO: 
at  60°C  shows  a  16%  drop  between  20  psia  (1.36  atm)  and  260  psia  (17.69 
atm)  while  in  polycarbonate  at  35°C,  C02  permeability  decreases  by  more 
than  30%  over  the  same  range  of  pressures.  The  transport  parameters  were 


Fig.  4.  Permeability  of  Kapton  polyimide  to  CO,  at  60°C. 


Kapton/CO 


Fig.  5.  Permeability  of  Kapton  to  CO,  at  60°C  plotted  according  to  eqn.  (2). 
TABLE  1 

Sorption  parameters  for  CO,  in  Kapton  at  60'C 


Parameter 

Value 

Standard 

error 

95%  Confidence 
interval 

/  cm’  (STP)  \ 

Dycm’  polymer-atm  j 

0.3806 

0.0541 

0.2695 

-0.4917 

c ■  l  cm1  (STP)  \ 

H  ycm3  polymer  / 

12.4805 

1.4768 

9.4503 

-15.5101 

b  (atm  ' ) 

0.2966 

0.0607 

0.1720 

-0.4211 

K*C»blkD 

- 

- 

evaluated  by  linear  least  squares  analysis  of  a  plot  of  permeability  as  a  func¬ 
tion  of  1/(1  +  bp)  as  shown  in  Fig.  5  (6J,  using  the  sorption  parameters  given 
in  Table  1 .  The  sorption  parameters  were  evaluated  using  a  precision  sorption 
cell,  the  operation  of  which  has  been  described  in  detail  in  the  past  (18,19], 
The  line  through  the  data  in  Fig.  4  was  calculated  from  eqn.  (2)  using  the 


TABLE  2 


Transport  parameters  for  CO,  in  Kapton  at  60°C 


Parameter 

Value 

Dd  (cm’ftec) 

6.85  k  10  * 

Dh  (cmJ/sec) 

0.276  xlO'* 

F  -  Dh/DD 

0.0404 

sorption  parameters  in  Table  1  in  conjunction  with  the  transport  parameters, 
Dd  and  F,  reported  in  Table  2.  The  linearity  of  the  plot  in  Fig.  5  and  good 
description  of  the  permeability  data  in  Fig.  4  demonstrate  the  suitability  of 
the  model  for  the  pure  component  data.  The  data  reported  in  Table  1  indi¬ 
cate  that  K  in  eqn.  (2)  is  large,  so  the  relative  insensitivity  of  permeability 
to  upstream  pressure  in  Kapton  arises  from  the  low  value  of  F  =  Dh/Dd  for 
this  rigid-backbone  polymer. 

C02/H20  mixed  penetrant  feeds 

The  COj  permeability  of  Kapton  at  60°C  is  plotted  in  Fig.  6  as  a  function 
of  upstream  COj  driving  pressure  for  two  different  relative  humidities  (5.5*% 
and  9.3%  R.H.)  in  the  feed  stream.  Consistent  with  qualitative  expectations 
based  on  eqn.  (4),  the  flux  depressing  effect  of  water  tends  to  be  most  serious 
at  low  pressures  where  water  successfully  competes  with  COj  for  the  un- 


Fig  6.  Depression  of  the  permeability  of  Kapton  to  CO,  at  60°C  caused  by  a  small 
amount  of  water  vapor. 
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relaxed  volume  comprising  the  Langmuir  environment.  The  general  tendency 
for  the  CO}  permeability  to  asymptotically  approach  the  limit  kDDD  is  also 
consistent  with  eqn.  (4)  as  the  second  term  in  brackets  related  to  the  Langmuir 
environment,  becomes  small  as  the  pressure  increases. 

At  high  relative  humidities,  CO,  would  tend  to  be  progressively  excluded 
from  the  Langmuir  mode  of  permeation  with  a  maximum  depression  of  17% 
in  C02  production  rate  compared  to  the  rate  in  the  absence  of  competition. 

In  the  case  of  polycarbonate,  which  shows  a  much  more  pronounced  pressure 
dependence  in  permeability,  due  to  its  larger  value  of  F  =  Dh/Dd  (0.075  as 
competed  to  0.0404  for  Kapt on),  total  exclusion  of  CO,  from  the  Langmuir 
mode  would  result  in  35%  reduction  compared  to  the  pure  component  case. 

Pyc  ct  al.  (3]  have  measured  the  effects  of  small  partial  pressures  of  water 
and  pentane  on  the  fluxes  of  H2  and  CH4  through  a  series  of  stiff-chain  poly- 
imides.  Consistent  with  the  results  in  the  present  study  for  C02 ,  these  investi¬ 
gators  discovered  flux  depressions  ranging  from  21%  to  59%  for  H2  and  CH« 
due  to  the  presence  of  water  vapor  (about  50%  R.H.)  in  the  feed  at  35°C. 
Sorption  of  a  high  affinity  vapor  such  as  water  tends  to  lower  the  sorption  of 
both  CH4  and  H2 .  Consistent  with  this  expectation,  Pye  et  al.  found  that 
although  the  component  fluxes  were  reduced  seriously  (21—59%),  the  ratio  of 
the  permeabilities  of  the  two  components  varied  by  only  6— 9%>  {1,3], 

In  the  absence  of  actual  data  for  the  Langmuir  affinity  constant  (bH>0)  for 
water  in  Kapton  at  60°C,  a  quantitative  test  of  eqn.  (4)  is  not  possible.  Earlier 
sorption  measurements  for  water  in  polyacrylonitrile  (PAN)  yielded  values 
for  the  Langmuir  affinity  parameter  as  a  function  of  temperature  [20], 

At  60°C,  the  affinity  constant  is  equal  to  60  atm"1  for  water  in  PAN.  Earlier 
[14],  it  was  noted  that  the  value  of  the  affinity  constant  of  a  given  penetrant 
does  not  appear  to  be  a  strong  function  of  the  polymer  type  being  considered; 
therefore,  one  might  reasonably  assume  that  b  =  60  atm'1  applies  for  water 
in  Kapton  also. 

The  dotted  lines  in  Fig.  7  represent  the  CO,  permeability  versus  pressure 
calculated  from  eqn.  (4)  at  the  two  relative  humidities  studied  using  the  pure 
component  C02  sorption  and  transport  parameters  reported  in  Tables  1  and  2 
and  the  estimated  affinity  constant  for  water  (5  =  60  atm'1).  The  additional 
decrease  in  observed  permeability  may  be  attributed  to  a  reduction  in  Dd  as 
relative  humidity  increases.  Such  an  effect  is,  in  fact,  consistent  with  the 
reports  of  Lim  et  al.  ( 21  j  that  a  small  amount  of  humidity  can  cause  an 
increase  in  the  modulus  (antiplasticization)  of  Kapton. 

Consistent  with  such  an  interpretation,  a  3.8%  and  a  6.27c  reduction  in  the 
effective  value  of  Dd  at  5.5%  a.  4  Q  3%  R.H.,  respectively,  provides  a  good 
fit  to  the  data  leaving  all  other  pure  component  C02  parameters  unchanged. 
Such  an  effect  is  consistent  with  the  observations  of  Robeson  [15]  men¬ 
tioned  earlier,  in  which  combined  solubility  and  mobility  reductions  can 
occur  due  to  both  volume  filling  and  specific  penetrant/polymer  interactions. 
The  generalized  dual  mobility  model  is  clearly  able  to  identify  and  character¬ 
ize,  quantitatively,  the  magnitude  of  each  of  the  two  contributing  factors. 
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Kapton  60  °C 


Fig.  7.  Depression  of  CO,  permeability  caused  by  antiplaaticization  in  addition  to  aimple 

dual  mode  competition  effects;  ( - ):  pure  CO,;  (■•••);  model  prediction  assuming 

simple  competition,  eqn.  (4);  ( - ):  model  prediction  accounting  for  antiplasticization 

of  Kapton  by  H,0. 


Conclusions 

The  confluence  of  current  views  of  the  glassy  state  with  several  recent 
sorption  and  transport  studies  for  mixed  penetrants  in  glassy  polymers 
provides  a  complementary  framework  useful  to  both  areas.  Specifically,  the 
concept  of  unrelaxed  volume  is  useful  in  rationalizing  physical  property 
behavior  such  as  impact  strength  and  physical  ageing,  as  well  as  the  sorption 
and  permeation  behaviors  discussed  here.  The  dual  mode  sorption  and  trans¬ 
port  model  provides  a  valuable  basis  for  both  qualitative  and  quantitative 
analysis  of  gas  permeation  in  the  preplasticizing  regime.  Although  plasticizing 
effects  are  likely  to  be  of  considerable  importance  at  very  high  pressures  in 
gas  separators  with  the  present  generation  of  membrane  materials,  one  might 


anticipate  that  the  next  generation  of  materials  based  on  very  high  Tg,  highly 
rigid  backbone  polymers  such  as  Kapton,  will  minimize  sensitivity  to  such 
deleterious  effects.  If  such  stiff-chain  materials  can  be  formulated  into  useful 
membranes,  phenomena  associated  with  dual  mode  sorption  and  transport 
will  be  of  primary  importance  over  the  full  range  of  operating  pressures.  Such 
plasticization-resistant  membranes  might  even  maintain  reasonable  selectivity 
in  liquid/liquid  permeation  separations  such  as  pervaporation. 
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List  of  symbols 

bj  Affinity  constant  of  component  i  for  the  polymer  (atm" 1 ) 

Dd  Diffusion  coefficient  of  the  Henry’s  law  species  (cmJ/sec) 

Dh  Diffusion  coefficient  of  the  Langmuir  species  (cm’/sec) 

F  Ratio  of  Langmuir  and  Henry’s  law  diffusion  coefficients 
kD  Henry’s  law  constant  ((cm3  gas  (STP))/(cm3  polymer-atm)) 

K  Cublkjy 

Ch  Langmuir  capacity  coefficient  ((cm3  gas  (STP))/(cm3  polymer)) 

Pi  Upstream  driving  pressure  for  penetrant  i  (atm) 

Pi  Permeability  of  i  (Barrer) 

R.H.  Relative  humidity 

Vf  Specific  volume  of  the  glassy  polymer  (cm3/g) 

V,  Specific  volume  of  the  densified  liquid  (cm3/g) 
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Implications  of  the  Dual-Mode  Sorption  and 
Transport  Models  for  Mixed  Gas  Permeation 
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The  concept  of  unrelaxed  volume  in  glassy 
polymers  Is  used  to  interpret  sorption  and 
transport  data  for  pure  and  mixed  penetrants.  A 
review  of  recent  sorption  and  permeation  data  for 
mixed  penetrants  indicates  that  competition  for 
sorption  sites  associated  with  unrelaxed  gaps 
between  chain  segments  is  a  general  feature  of 
gas/glassy  polymer  systems.  This  observation 
provides  convincing  support  for  the  use  of  the 
Langmuir  Isotherm  to  describe  deviations  from 
simple  Henry's  law  sorption  behavior. 

The  observed  flux  depressions  of  a  component 
in  a  mixture,  relative  to  its  pure  component  value 
at  an  equivalent  partial  pressure  driving  force, 
derives  from  the  above  sorption  competition 
mechanism  which  influences  the  effective 
concentration  gradient  driving  diffusion  across 
the  membrane.  The  competition  among  penetrants 
for  excess  volume  described  above  should  be  an 
Important  consideration  for  modeling  essentially 
all  permselective  gas  separation  membranes. 
Significant  plasticizing  effects  may  mitigate  flux 
reductions  caused  by  the  above  competitive  effects 
at  high  pressures  in  plasticization-prone 
polymers,  but  would  also  lead  to  selectivity 
losses  which  are  highly  undesirable.  The 
permeation  behavior  of  stiff-chain, 
plasticization-resistant  polymers  which  are  likely 
to  comprise  the  next  generation  of  gas  separation 
polymers  will  be  appropriately  treated  by  the 
model  discussed  here. 
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High  membrane  permselectivity  is  generally  associated  with 
a  rigid  chain  backbone  of  the  constituent  polymer,  providing 
sieving  on  a  molecular  scale  C_l_, .  At  high  upstream  driving 
pressure  (i.e.,  at  high  sorbed  penetrant  concentration), 
plasticization  of  the  polymer  may  reduce  the  permselectivity  of 
the  membrane.  Although  plasticization  will  occur  at 
sufficiently  high  sorbed  concentrations  for  essentially  all 
glassy  materials,  selection  of  a  membrane  material  with  a  very 
high  glass  transition  temperature  and  extraordinary  Inherent 
backbone  rigidity  should  minimize  effects  associated  with 
plasticization. 

Ofv»n  the  ratio  of  pure  component  permeabilities  at  an 
arbitrary  pressure  for  the  components  of  interest  is  used  as  an 
indication  of  the  potential  selectivity  of  a  candidate 
membrane.  While  this  approach  offers  a  useful  approximation, 
the  actual  selectivity  and  productivity  (flux)  observed  in  the 
mixed  gas  case  may  be  surprisingly  different  than  predicted  on 
the  basis  of  the  pure  component  data.  As  shown  in  Figure  1, 
prior  to  the  onset  of  plasticizing,  the  presence  of  a  second 
component  B  can  depress  the  observed  permeability  of  a 
component  A  relative  to  its  pure  component  value  at  a  given 
upstream  driving  pressure  of  component  A.  In  the  words  of  Pye 
et  al.  (3),  the  permeability  of  a  membrane  to  a  component  A  may 
be  reduced  due  to  the  sorption  of  a  second  component  B  in  the 
polymer  which  ".  .  .  effectively  reduces  the  mlcrovold  content 
of  the  film  and  the  available  diffusion  paths  for  the  non 
reactive  gases".  The  present  paper  will  offer  additional 
experimental  and  theoretical  insight  into  this  Interesting 
effect  that  is  characteristic  of  glassy  polymers. 

Unrelaxed  Volume  -  Relation  To  Sorption  And  Transport 
Properties  Of  Glassy  Polymers 

The  concept  of  "unrelaxed  volume",  Vg-V^,  illustrated  in 
Figure  2  may  be  used  to  interpret  sorption  and  transport  data 
in  glassy  polymers  exposed  to  pure  and  mixed  penetrants.  The 
extraordinarily  long  relaxation  times  for  segmental  motion  in 
the  glassy  state  lead  to  trapping  of  nonequilibrium  chain 
conformations  in  quenched  glasses,  thereby  permitting  miniscule 
gaps  to  exist  between  chain  segments.  These  gaps  can  be 
redistributed  by  penetrant  in  so-called  "conditioning" 
treatments  during  the  initial  exposure  of  the  polymer  to  high 
pressures  of  the  penetrant  (4).  Following  such  initial 
exposure  to  penetrant,  settled  isotherms  characterized  by 
concavity  to  the  pressure  axis  at  low  pressures  and  a  tendency 
to  approach  linear  high  press*.. .  ’ imits  are  observed  as  shown 
in  Figure  3.  Reference  to  penetrant-induced  conditioning 
effects  have  been  made  continuously  since  the  very  earliest 
investigations  of  penetrant/glassy  polymer  sorption 
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Figure  1.  Permeability  of  a  glassy  polymer  to  penetrant  A  in  the 
presence  of  varying  partial  pressures  of  penetrant  B. 
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Temperature  — • 


Figure  2.  Schematic  representation  of  the  unrelaxed  volume, 
Vg  -  Vj,  in  a  glassy  polymer.  Note  that  the  unrelaxed  volume 
disappears  at  the  glass  transition  temperature,  T  . 
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behavior  (2,4,^,(b).  If  one  "overswella"  the  polymer  with  a 
highly  sorbing  penetrant  such  as  a  high  activity  vapor  and  then 
removes  the  penetrant,  the  excess  volume  which  Is  Introduced 
will  tend  to  relax  quickly  at  first,  followed  by  a  very  slow, 
long  term  approach  toward  equilibrium  (<0. 

At  extremely  high  gas  conditioning  pressures,  substantial 
swelling  of  the  polymer  sample  can  occur  with  a  resultant 
Increase  in  the  value  of  Vg-V^  (5)-  For  the  case  of 
conditioning  with  gases  such  as  CO2  at  pressures  less  than  30 
atm,  however,  consolidation  in  the  absence  of  penetrant 
following  the  conditioning  treatment  is  typically  unmeasurable 
since  penetrant  sorption  uptake  is  not  very  extensive  (t  4-Si 
by  weight)  (4,^).  As  a  result.  In  such  cases  redistribution  of 
the  originally  present  intersegmental  gaps  may  be  the  primary 
process  occurring  during  the  first  exposure  of  the  polymer  to 
high  pressures  of  penetrant  as  shown  in  Figure  3  (4). 

An  interpretation  of  the  observed  conditioning  behavior 
that  occurs  during  the  primary  penetrant  exposure  in  the 
absence  of  large  swelling  effects  may  be  couched  in  terms  of 
coalesence  of  packets  of  the  original  intersegmental  gaps. 
Redistribution  of  chain  conformations,  consistent  with  optimal 
accomodation  of  the  penetrant  in  the  unrelaxed  volume  between 
chain  segments  may  permit  this  process  during  the  conditioning 
treatment.  This  rearrangement  would  tend  to  produce  a  more  or 
less  denslf led  matrix  with  a  small  volume  fraction  of 
essentially  uniformly  distributed  molecular  scale  gaps  or 
"holes"  throughout  the  matrix.  In  such  a  situation,  one  can 
appreciate  the  meaning  of  two  slightly  different  molecular 
environments  in  the  glass  in  which  sorption  of  gas  may  occur. 
Consider  first  the  limiting  case  In  which  a  highly  annealed, 
truly  equilibrium  denslf led  glass  character! zed  by  "V f"  in 
Figure  2  is  exposed  to  a  given  pressure  of  a  penetrant.  In 
this  case,  all  gaps  are  missing,  but  there  still  clearly  still 
be  a  certain  characteristic  sorption  concentration  (Cy)  typical 
of  true  molecular  dissolution  in  the  denslfied  glass,  similar 
to  that  observed  in  low  molecular  weight  liquids  or  rubbers 
(above  Tg).  Next,  consider  a  corresponding  conditioned 
nonequilibrium  glass  (illustrated  by  "Vg"  In  Figure  2) 
containing  unrelaxed  volume  In  which  the  surrounding  matrix  has 
been  more  or  less  denslfied  by  the  coalesence  of  gaps  to  form 
molecular  scale  berths  for  penetrant.  A  local  equilibrium 
requirement  leads  to  an  average  local  concentration  of 
penetrant  held  in  the  un:formly  distributed  molecular  scale 
gaps  (CH)  in  equilibrium  w».„  .he  "dissolved”  concentration 
(Cp)  at  any  given  external  penetrant  pressure  or  activity. 

This  simple  physical  model  can  be  described  analytically  up  to 
reasonably  high  pressues  (generally  for  pressures  less  than  or 
equal  to  the  maximum  conditioning  pressure  employed  (4)  )  in 
terms  of  the  sum  of  Henry's  law  for  Cp  and  a  Langmuir  isotherm 
for 
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C“Cj)  +  Cj^  (1) 

C  -  kDp  +  CHbP  (2) 

1  +  bp 


where  kp  is  the  Henry 'b  law  constant  that  characterizes 
sorption  of  penetrant  in  the  denslfled  regions  which  comprise 
most  of  the  matrix.  The  parameter  b  characterizes  the  affinity 
of  the  penetrant  for  the  interchain  gap  regions  in  the  polymer. 
The  parameter  CH’  is  the  Langmuir  sorption  capacity  of  the 
glassy  matrix  and  can  be  interpreted  directly  in  terms  of 
Figure  2  in  which  the  unrelaxed  volume,  V  -V ^ ,  corresponds  to 
the  summation  of  all  of  the  molecular  scale  gaps  in  the  glass. 
As  shown  in  Figure  4,  the  Langmuir  capacity  of  glassy  polymers 
tends  to  approach  zero  in  the  same  way  that  Vg  -V£,  approaches 
zero  at  the  glass  transition  temperature  (see  Figure  2).  This 
qualitative  observation  can  be  extended  to  a  quantitative 
statement  in  cases  for  which  the  effective  molecular  volume  of 
the  penetrant  in  the  sorbed  state  can  be  estimated.  As  a  first 
approximation,  one  may  assume  that  the  effective  molecular 
volume  of  a  sorbed  C(>2  molecule  is  80  in  the  range  of 
temperature  from  25®C  to  65*C.  This  molecular  volume 
corresponds  to  an  effective  molar  volume  of  49  cc/mole  of  CO2 
molecules  and  Is  similar  to  the  partial  molar  volume  of  CO2  in 
various  solvents,  in  several  zeolite  environments,  and  even  as 
a  pure  subcrltlcal  liquid  (See  Table  1)  (4,8).  The  implication 
here  is  not  that  more  than  one  CO2  molecule  exists  in  each 
molecular  scale  gap,  but  rather  that  the  effective  volume 
occupied  by  a  C02  molecule  is  roughly  the  same  in  the  polymer 
sorbed  state,  in  a  saturated  zeolite  sorbed  state  and  even  in  a 
dissolved  or  llquld-llke  state  since  all  of  these  volume 
estimates  tend  to  be  similar  for  materials  that  are  not  too 
much  above  their  critical  temperatures.  With  the  above 
approximation,  the  predictive  expression  given  below  for  can 
be  compared  to  Independently  measured  values  for  this  parameter 
from  sorption  measurements. 


*  (3) 


where  p  is  the  equivalent  density  of  CO2  ("'1/49  mole/cc) 
discussed  above.  The  comparison  of  measured  (4,9-1 1 )  and 
predicted  Cjj’s  calculated  from  Eq  (3)  using  reported 
dllatometrlc  parameters  (12-15)  for  the  various  glassy  polymers 
is  shown  in  Figure  5.  The  correlation  is  clearly  impressive. 

Application  of  Eq  (3)  to  highly  supercritical  gases  is 
somewhat  ambiguous  since  the  effective  molecular  volume  of 
sorbed  gases  under  these  conditions  is  not  easily  estimated.  A 
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Figure  5.  Quantitative  comparison  of  experimentally  measured 
values  of  C ^  for  C0?  in  various  polymers  with  the  predictions 
of  Equation  3.  [_•  poly  (ethylene  terephthalate )  at  25,  35,  h  5 , 

55,  65,  75,  and  85  °CT] ,  £  •  poly  (benzyl  methacrylate)  at  30  °cj, 
C©  ,poly(phenyl  methacrylate)  at  35,  50,  and  75  °c3,C0.  poly- 
( acrylonitrile)  at  35,  55,  and  65  °Cj,[p  9  polycarbonate  at 
35,  55,  and  75  °C:  the  O  symbols  refer  to  predictions  using 
dilatometric  coefficient  'om  Kef.  ll ;  the  9  symbols  refer  to 
predictions  using  coefficients  from  Ref.  15j.  f  © .  poly(ethyl 
methacrylate)  at  30,  1<0,  and  55  °C~],r  0.  poly  (methyl  methacrylate) 
at  35,  55,  80  and  100  °CTj. 
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similar  problem  exists  in  a  priori  estimates  of  partial  molar 
volumes  of  supercritical  components  even  in  low  molecular 
weight  liquids  (lb).  The  principle  upon  which  Eq  (3)  is  based 
remains  valid,  however,  and  while  the  total  amount  of  unrelaxed 
volume  may  be  available  for  a  penetrant,  the  magnitude  of  CH 
depends  strongly  on  how  condensible  the  penetrant  is,  since 
this  factor  determines  the  relative  efficiency  with  which  the 
component  can  utilize  the  available  volume. 

Trans  port .  A  companion  transport  model  that  also 
acknowledges  the  fact  that  penetrant  may  execute  diffusive 
jumps  into  and  out  of  the  two  sorption  environments  expresses 
the  local  flux,  N,  at  any  point  in  the  polymer  in  terms  of  a 
two  part  contribution  ( 1  7-20) : 

N  -  "  °D  3CP  '  1>H  (4) 

3x  3x 

where  Dy  and  Dy  refer  to  the  mobility  of  the  dissolved  and 
Langmuir  sorbed  components,  respectively.  It  is  typically 
found  that  Dy  is  considerably  larger  than  Dy  except  for  non 
condensible  gases  such  as  helium  (14).  The  above  expression 
can  be  written  in  terms  of  Fick's  law  with  an  effective 
diffusion  coefficient,  Deff(C).  that  is  dependent  on  local 
concentration: 

N  -  -  Deff(C)  (5) 

3x 


The  dual  mobility  model  expresses  the  concentration  dependency 
of  in  terms  of  the  local  concentration  of  dissolved 

penetrant,  Cy,  as  shown  in  Eq  (6): 


Deff (C) 


FK 

i  +  (1  +  aCD) 


2 


K 

1  +  (1  +  oCD)2 


(6) 


where  F  £  Dy/Dy ,  K  =  C^b/ky  and  a  5  b/ky  .  This  model  explains 
concentration  dependency  of  the  local  diffusion  coefficient 
such  as  that  shown  for  CO2  in  poly(ethylene  terephthalate ) 

(PET)  in  Figure  6  (2 J_)  in  terms  of  a  progressive  Increase  in 
the  fraction  of  the  local  concentration  present  in  the  higher 
mobility  Henry's  law  environment  as  the  local  Langmuir  capacity 
saturates  at  Increasingly  higher  pressures. 

The  points  in  Figure  6  were  evaluated  from  the 
phenomenological  permeability  and  sorption  concentration  data 
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using  a  method  that  does  not  depend  on  the  dual  mode  model  in 
any  way  (22 ) .  Interestingly,  however,  the  line  through  the 
data  points  corresponds  to  the  predictions  of  Dejf(C)  using 
Eq  (6)  along  with  the  Independently  determined  dual  mode 
parameters  for  this  system  (21 ,23).  It  is  also  important  to 
note  that  the  form  of  data  In  this  plot  which  exhibits  a 
tendency  to  asymptote  at  high  pressures  is  not  typical  of 
plasticization.  Finally,  if  one  considers  the  low  concentration 
region  of  Figure  6,  it  is  clear  that  the  diffusion  coefficient 
is  surprisingly  concentration  dependent.  For  example,  Ueff(0 
Increases  by  more  Chan  352  as  the  local  sorbed  concentration 
rises  from  0.142  cc(STF)/cc  polymer  (or  0.00020  wt .  fraction)  at 
50  mm  Hg  to  1.7  cc(STP)/cc  polymer  (or  0.0025  wt.  fraction)  at 
760  mm  Hg.  The  above  concentrations  are  extremely  dilute, 
corresponding  to  less  than  1  CO 2/ 1200  PET  repeat  units  and  1 
CO2/98  repeat  units  respectively  (4^. 

An  even  more  dramatic  case  corresponds  to  CO2  in  PVC  in 
which  Deff(C)  rises  by  86%  as  the  local  concentration  Increases 
from  1  CO2/4400  repeat  units  at  100  mm  Hg  to  1  C02/ 1300  repeat 
units  at  500  mm  Hg  at  40°C  (24).  The  above  values  of  CO2 
solubility  are  based  on  measurements  by  Tol  ( 24 )  and  Tlkhomorov 
et  al.  (25)  which  are  in  good  agreement. 

At  such  extraordinarily  low  penetrant  concentrations, 
plasticization  of  the  overall  matrix  is  certainly  not 
anticipated.  Motions  involving  relatively  few  repeat  units  are 
believed  to  give  rise  to  most  short  term  glassy  state 
properties.  In  rubbery  polymers,  on  the  other  hand,  longer 
chain  concerted  motions  occur  over  relatively  short  time  scales, 
and  one  expects  plasticization  to  be  easier  to  Induce  in  these 
materials.  Interestingly,  no  known  transport  studies  in  rubbers 
have  Indicated  plasticization  at  the  low  sorption  levels  noted 
above  for  PVC  and  PET. 

The  discussion  directly  following  Eq  (6)  provides  a  simple, 
physically  reasonable  explanation  for  the  preceding  observations 
of  marked  concentration  dependence  of  Defj(C)  at  relatively  low 
concentrations.  Clearly,  at  some  point,  the  assumption  of 
concentration  independence  of  Dp  and  in  Eq  (6)  will  fall; 
however,  for  our  work  with  "conditioned"  polymers  at  CO2 
pressures  below  300  psl,  such  effects  appear  to  be  negligible. 
Due  to  the  concave  shape  of  the  sorption  Isotherm,  even  at  a  CO2 
pressure  of  10  atm,  there  will  still  be  less  than  one  CO2 
molecule  per  twenty  PET  repeat  units  at  35'C.  Stern  (26)  has 
described  a  generalized  form  of  the  dual  mode  transport  model 
that  permits  handling  situations  in  which  non-constancy  of  Dp 
and  Dm  manifest  themselves.  It  is  reasonable  to  assume  that  the 
next  generation  of  gas  separation  membrane  polymers  will  be  even 
more  resistant  to  plasticization  than  polysulfone,  and  cellulose 
acetate,  so  the  assumption  of  constancy  of  these  transport 
parameters  will  be  even  more  firmly  justified. 
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Although  not  necessary  In  terB6  of  phenomenological 
applications,  it  Is  Interesting  to  consider  possible  molecular 
meanings  of  the  coefficients.  Dp  and  Djj.  If  two  penetrants 
exist  In  a  polymer  in  the  two  respective  modes  designated  by  "D" 
and  "H”  to  Indicate  the  “dissolved"  (Henry's  law)  and  the  “hole" 
(Langmuir)  environments,  then  the  molecules  can  execute 
diffusive  movements  within  their  respective  modes  or  they  may 
execute  Intermode  jumps. 


"D"  - 

— ►  "IT 

disso 

lved  ‘  to  dissolved"  jump 

"H" 

“dissolved"  to  "hole"  jump 

”H"  - 

"hole" 

to  "hole"  Jump 

“D” 

"hole" 

to  "dissolved"  jump 

Clearly,  the  true  character  (activation  energy,  entropy  and  jump 
length)  of  the  phenomenologically  observed  Djj  will  be  a  weighted 
average  of  the  relative  frequency  of  and  “D"*"H"  jumps, 

and  likewise  for  UH  in  terms  of  and  jumps.  Given 

the  relatively  dilute  overall  volume  fraction  associated  with 
the  non  equilibrium  gaps  which  comprise  the  “H“  environment  (<  4 
to  5%  on  a  volume  basis),  one  may  to  a  first  approximation 
assume  that  most  diffusive  jumps  of  a  penetrant  from  a  “D" 
environment  result  in  movement  to  another  "D“  environment  and 
most  diffusive  Jumps  from  "H"  environments  result  in  movement  to 
a  "D“  environment.  The  observed  activation  energies,  entropies 
and  jump  lengths,  therefore,  have  fairly  well-defined  meanings 
on  a  molecular  scale. 

One  can  easily  show  that  the  appropriate  equation  derived 
from  the  dual  mode  sorption  and  transport  models  for  the  steady 
state  permeability  of  a  pure  component  in  a  glassy  polymer  is 
given  by  fcq  (7)  (J_8)  when  the  downstream  receiving  pressure  is 
effectively  zero  and  the  upstream  driving  pressure  is  p. 

P  -  kDDD  [  1  +  FK  1  ( 7 ) 

L  1  +  bp  j 

The  first  term  in  Lq  (7)  describes  transport  related  to  the 
Henry's  law  environment,  while  the  second  term  is  related  to  the 
Langmuir  environment.  The  tendency  for  the  permeability  to 
asymptotically  approach  the  limiting  value  of  kpU^  at  high 
pressures  derives  from  'he  fact  that  after  saturation  of  the 
upstream  Langmuir  capacity  a.  high  pressures,  additional 
pressure  increases  result  in  additional  flux  contributions  only 
from  the  terra  related  to  Henry's  law  which  continues  to  increase 
as  upstream  pressure  increases. 

The  remarkable  efficacy  of  the  dual  mode  sorption  and 
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transport  model  for  description  ol  pure  component  data  has  been 
Illustrated  by  plots  of  the  linearized  forms  of  Eq  (2)  and  Eq 
(7)  for  a  wide  number  of  polymer/penetrant  systems  (4_,^,9, 
10,22,24).  These  linearized  plots  are  stringent  tests  of  the 
ability  of  the  proposed  functional  forms  to  describe  the 
phenomenological  data.  Assink  (27 )  has  also  investigated  the 
dual  mode  model  using  a  pulsed  NMK  technique  and  concluded 
that : 

"We  have  been  able  to  demonstrate 
the  basic  validity  of  the 
assumptions  on  which  the  dual  mode 
model  is  based  and  we  have  shown 
the  usefulness  of  NHR  relaxation 
techniques  in  the  study  of  this 
mode 1 . " 

Whereas  the  dual  sorption  and  transport  model  described 
above  unit ies  independent  dllatouetrlc ,  sorption  and  transport 
experiments  characterizing  the  glassy  state,  an  alternate  model 
offered  recently  by  Raucher  and  Sefclk  provides  an  empirical  and 
fundamentally  contradictory  fit  of  sorption,  diffusion  and 
single  component  permeation  data  In  terms  of  parameters  with 
ambiguous  physical  meanings  (28) .  The  detailed  exposition  of  the 
dual  mode  model  and  the  demonstration  of  the  physical 
significance  and  consistency  of  the  various  equilibrium  and 
transport  parameters  In  the  model  In  the  present  paper  provide  a 
back  drop  for  several  brief  comments  presented  In  the  Appendix 
regarding  the  model  of  Raucher  and  Sefclk. 


Mixed  Component 


on  and  Transport 


Arguments  similar  to  those  presented  above  for  pure 
components  have  been  extended  to  generalize  the  expressions 
given  In  Equations  2  and  7  to  account  for  the  case  of  mixed 
penetrants  (£9,3U).  The  appropriate  expressions  are  given 
below: 


CA  -  kUAPA  +  CHAbAPA 

1  +  bApA  +  bBPB 

pA  *  kDA°DA  ‘  +  F*K* 

J  +  bAPA  +  bBPB 


(8) 

(9) 


In  the  above  expressions,  "A"  refers  to  Che  component  of  primary 
interest  while  "B"  refers  to  a  second  "competing"  component. 

The  permeability  of  a  polymer  to  a  penetrant  depends  on  the 
multiplicative  contribution  of  a  solubility  and  a  mobility  term. 
These  two  factors  may  be  functions  of  local  penetrant 
concentration  in  the  general  case  as  Indicated  by  the  dual  mode 
model.  Robeson  (3l_)  has  presented  data  for  CC>2  permeation  In 
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polycarbonate  In  which  both  solubility  and  dlffualvlty  are 
reduced  due  to  antlplastlclzatlon  cauaed  by  the  presence  of  the 
strongly  Interacting  4-4'  dlchloro  diphenyl  sulfone.  On  the 
other  hand,  sorption  of  a  less  strongly  Interacting  penetrant, 
such  as  a  hydrocarbon,  may  affect  primarily  only  the  solubility 
factor  without  significantly  changing  the  inherent  mobility  of 
the  penetrant  in  either  of  the  two  modes.  Flux  reduction  in 
this  latter  context  occurs  simply  because  the  concentration 
driving  force  of  penetrant  A  Is  reduced.  This  results  from  the 
exclusion  of  A  by  component  B  from  Langmuir  sorption  sites  which 
were  previously  available  to  penetrant  A  in  the  absence  of 
penetrant  B. 

Consistent  with  the  preceding  discussion  concerning 
sorption  and  flux  reductions  by  relatively  non  interacting 
penetrants,  the  data  shown  In  Figure  7  clearly  Illustrate  the 
progressive  exclusion  of  CO2  from  Langmuir  sorption  sites  In 
poly(methyl  methacrylate)  (PMMA)  as  ethylene  partial  pressure 
(pg)  Is  Increased  In  the  presence  of  an  essentially  constant  CO2 
partial  pressure  of  p^  ■  1.5310.04  atm  (32 ) .  The  tendency  of 
the  CO2  sorption  shown  in  Figure  7  to  decrease  monotonlcally 
with  ethylene  pressure  provides  Impressive  support  for  the 
"competition"  concept  on  which  Eq  (8)  and  Eq  (9)  are  based. 
Permeation  data  are  not  available  for  this  system  to  determine 
If  changes  in  the  value  of  Dy  and  Dg  occur  in  the  mixed 
penetrant  situation;  however,  for  the  case  of  the  relatively  non 
Interacting  ethylene  at  the  pressures  studied,  any  such  effects 
are  expected  to  be  minor. 

The  data  shown  In  Figure  8  Illustrate  the  reduction  In 
permeability  of  polycarbonate  to  CO2  caused  by  competition 
between  Isopentane  and  CO2  for  Langmuir  sorption  sites  (33). 

The  flux  depression  shown  In  Figure  8  was  found  to  be 
reversible,  with  the  permeability  returning  to  the  pure  CO2 
level  after  sufficient  evacuation  of  the  isopentane-contaminated 
membrane.  Even  at  the  low  Isopentane  partial  pressure 
considered  (117  ms  Hg)  the  tendency  is  clear  for  the  CO2 
permeability  to  be  depressed  from  Its  pure  component  level 
toward  the  the  limiting  value  (PA  •  ^DA^DA^  corresponding  to 
complete  exclusion  of  CC>2  from  the  Langmuir  environment.  Further 
Increases  In  the  Isopentane  partial  pressure  In  the  feed  should 
eventually  complete  the  depression  of  CO2  permeability  to  its 
limiting  value  of  4.57  Barters  unless  plasticizing  effects  set 
In  at  the  higher  Isopentane  levels.  This  suggests,  for  example, 
that  the  effective  CO2  permeability  at  a  C02  partial  pressure  of 
2  atm  could  be  reduced  l.  as  much  as  36Z  due  to  small  amounts  of 
such  hydrocarbons  in  the  feed  stream. 

The  lines  drawn  through  the  data  In  Figure  8  were 
calculated  from  Eq  (7)  and  Eq  (9)  for  the  pure  and  mixed 
penetrant  feed  sltuatlqns,  respectively,  using  the  same  CO2 
model  parameters  in  both  cases.  The  affinity  constant  of 
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PCH  (•»«•) 

2  4 

Figure  7.  The  effect  of  ethylene  on  the  sorption  level  of  carbon 
dioxide  in  poly (methyl  methacrylate)  at  35  °C. 


0  4  8  12  16  20 

Feed  Pressure  (atm) 

Figure  8.  Permeability  of  Lexan  polycarbonate  to  carbon  dioxide 
ft  35  °C  as  a  function  of  C02  partial  pressure .Qo.  in  the  presence 
of  117  nr.  Mg  of  isopentane  in  the  feed,  •.pure  C02  *3 
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isopentane  was  estimated  for  use  In  Eq  (9)  to  be  13.8  atm-1 
(^3).  The  excellent  fit  of  the  data  suggests  that  Djj  and  Ify  for 
CC>2  In  the  mixed  feed  case  are  not  affected  measurably  by  the 
presence  of  the  relatively  non-interacting  Isopentane.  The 
sorption  and  transport  parameters  for  CO2  in  the  polycarbonate 
sample  used  in  the  above  study  are  reported  in  Table  2. 

Conclusions 


The  confluence  of  current  views  of  the  glassy  state  with 
recent  data  for  sorption  and  transport  of  mixed  penetrants  in 
glassy  polymers  provides  a  complementary  framework  useful  in 
both  areas.  Specifically,  the  concept  of  "unrelaxed  volume" 
invoked  to  explain  concavity  in  the  sorption  isotherm  may 
eventually  be  valuable  in  rationalizing  different  creep,  impact 
strength  and  physical  aging  behavior  of  glassy  polymers.  The 
dual  mode  sorption  and  transport  model  provides  a  valuable  basis 
for  both  qualitative  and  quantitative  analysis  of  gas  separator 
operation  in  the  preplasticizing  regime.  Although  plasticizing 
effects  are  likely  to  be  of  considerable  importance  at  high 
pressures  in  gas  separators  with  the  present  generation  of 
membrane  materials,  one  might  anticipate  that  the  next 
generation  of  materials  based  on  very  high  Tg  ,  highly  rigid 
backbone  polymers  will  minimize  sensitivity  to  such  deleterious 
effects.  If  6uch  stiff-chain  materials  can  be  formulated  into 
useful  membranes,  phenomena  associated  with  dual  mode  sorption 
and  transport  will  be  of  primary  importance  over  the  full  range 
of  operating  pressures,  since  the  transition  to  plasticizing 
behavior  shown  in  Figure  1  would  presumably  require  very  high 
sorbed  concentration  levels.  Such  plasticization-resistant 
membranes  might  even  maintain  reasonable  selectivity  in 
liquid/liquid  permeation  separations  such  as  pervaporation. 

Appendix:  Comments  Concerning  The  "Matrix"  Model  For 
Sorption  and  Difffuslon  in  Glassy  Polymers 

In  the  preceding  discussion  we  have  presented  a  model  with 
physically  Interpretable  parameters  to  explain  sorption  data  for 
penetrants  in  glassy  polymers.  The  basis  of  the  model,  the 
concept  of  "unrelaxed  volume"  is  also  useful  in  understanding 
many  other  properties  of  glassy  polymers  such  as  impact 
strength,  physical  aging  and  creep,  which  are  related  to  the  non 
equilibrium  nature  of  these  materials.  Moreover,  this  model 
yields  a  physically  consistent  expression  for  the  local 
effective  diffusion  coefficient,  Deff(C),  which  shows 
concentration  dependent.  -  *r  sorbed  concentrations  well  below  the 
point  at  which  substantial  interaction  of  one  penetrant  with  £he 
matrix  is  generally  expected  to  significantly  facilitate  the 
movement  of  another  penetrant. 
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Table  2 

Sorption  and  transport  parameters  of  CO^  In 
Lexan  polycarbonate  at  33° C 


k„  cc(STP) 

0.6731 

cc-atm 

b  atm-* 

0.2363 

CH’  cc(STF) 

17.61 

cc  polymer 

Dp  cm2/sec 

5.14B4xlO-8 

Djj  cm2/sec 

5.8266xl0-9 
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The  dual  node  model  assumes  that  the  heterogeneity  that 
characterizes  the  glassy  polymer  state  can  be  treated  In  a 
physically  reasonable  fashion  using  the  concept  of  two  basically 
different  environments  In  the  polymer.  One  environment 
corresponds  to  that  In  which  a  penetrant  molecule  is  sorbed 
between  chain  segments  that  have  achieved  essentially  their 
equilibrium  conformations  and  interchain  distances  (perhaps  with 
the  aid  of  the  invading  penetrant  during  the  "conditioning"  step 
shown  In  Figure  3).  A  second  environment  corresponds  to  that  In 
which  a  penetrant  molecule  finds  Itself  sorbed  In  a  region  of 
localized  lower  density  (perhaps  due  to  local  chain  kinks  or 
other  Impediments  to  rapid  relaxation).  The  model  requires, 
however,  that  the  local  concentrations  of  Cq  and  In  Eq  (1) 
adjust  themselves  consistent  with  the  requirement  that  there  is 
only  one  chemical  potential  applicable  to  the  penetrant,  and  at 
sorption  equilibrium  this  chemical  potential  Is  also  Identical 
to  that  of  the  penetrant  in  the  external  gas  phase.  Any 
significant  energetic  heterogeneity  associated  with  sorption  In 
the  nonequilibrium  gaps  regions  should  manifest  Itself  as  a 
failure  In  the  Langmuir  form  to  fit  the  deviation  from  the 
simple  Henry's  law  model ,  since  the  Langmuir  form  assumes  a 
uniform  site  affinity.  Repeated  tests  of  the  linearized  form  of 
the  Langmuir  contribution  to  sorption  have  shown  excellent 
conformity  to  the  model.  Any  such  energetic  heterogenlty  Is, 
therefore,  of  negligible  Importance  with  respect  to  sorption 
modeling.  In  their  recent  paper,  Raucher  and  Sefcik  Interpret 
Dr.  K.  Asslnk's  pulsed  NMK  study  of  ammmonia  sorption  In  poly¬ 
styrene  (27)  and  Indicate  that:  “Spectroscopic  analyses  of  gas 
molecules  within  polymer  matrices  are  consistent  with  all  of  the 
gas  molecules  being  In  a  single  state"  (28).  One  Is  given  the 
Indirect  and  erroneous  Impression  from  Raucher's  and  Sef elk's 
reference  to  Asslnk's  work  that  the  Assink  study  did  not  support 
the  concepts  of  the  dual  mode  model.  On  the  contrary,  the 
conclusions  of  Dr.  Assink  with  regard  to  this  Issue  completely 
support  the  dual  mode  model  premises  as  shown  below  In  a  direct 
quote  of  the  complete  conclusions  from  the  Assink  paper  (27) : 

"We  have  been  able  to  critically  examine  the  dual 
mode  model  by  pulsed  NMK  relaxation  techniques. 

The  pressure  dependence  of  the  concentration  of 
sorbed  gas  was  consistent  with  the  dual  mode 
model  while  the  relaxation  data  addressed  Itself 
to  the  validity  of  the  assumptions  made  by  the 
model.  The  assumption  of  rapid  interchange  was 
found  to  be  valid  for  this  system  while  the 
assumption  of  an  Immobile  adsorbed  phase  could 
Introduce  a  small  error  .he  analysis.  It 
should  be  possible  to  reduce  this  error  by  more 
exact  measurements  of  the  concentration  of  sorbed 
gas  as  classical  pressure  experiments  could 
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provide.  We  have  been  able  to  demonstrate  the 
basic  validity  of  the  assumption  on  which  the 
dual  mode  model  is  based  and  we  have  shown  the 
usefulness  of  NMK  relaxation  techniques  in  the 
study  of  this  model." 

The  only  "small  error",  suggested  in  Assink's  statement 
concerning  the  dual  mode  model's  assumptions,  deals  with  the 
earlier  approximation  by  Vieth  and  Sladek  (34 )  that  was  equal 
to  zero.  The  work  of  Assink  was  performed  prior  to  the 
formulation  of  the  dual  mobility  model  which  eliminates  this 
approximation  and  accomodates  values  of  >  0  (17,18). 

In  the  present  symposium,  Dr.  Raucher  argued  that  the 
observed  curvature  in  gas  sorption  isotherms  does  not  arise  from 
a  site  saturation  mechanism  such  as  we  have  described  in  the 
preceding  ciscusslon.  The  form  of  the  sorption  isotherm  and 
local  concentration  dependent  diffusion  coefficient  proposed  by 
Raucher  and  Sefcik  are  given  below: 


C  -  °0P 

(A-l) 

1  +  oC 

Deff(C)  "  Uo11  +  Bt| 

(A-2) 

where  DQ  was  identified  as  the  zero  concentration  limit  of  the 
diffusion  coefficient  and  6  was  identified  as  a 
plasticization-related  parameter  which  indicates  the  relative 
sensitivity  of  the  local  diffusion  coefficient,  Deff(C)  to  the 
presence  of  other  penetrants  in  the  vicinity.  While  no  physical 
i nt erpetat ion  was  given  to  the  sorption  parameter^,  the  oQ 
parameter  is  clearly  equal  to  the  limiting  slope  of  the 
concentration  versus  pressure  isotherm.  IXjring  a  question  and 
answer  period  following  his  presentation.  Dr.  Raucher  explicitly 
ruled  out  an  interpretation  of  the  parameter  a  in  terms  of  a 
site  saturation  mechanism  similar  to  the  Langmuir  model. 

Drs.  Raucher  and  Sefcik  have  stated:  "The  apparent 
concentration  dependence  of  the  sorption  capacity  in  the  matrix 
model  results  from  a  decrease  in  a  Henry's  law-like  constant  as 
the  polymer  adjusts  to  the  sorbate"  (^8).  The  extent  of  Che 
Interpretation  of  a  offered  by  these  authors  is  that:  "a  is  a 
parameter  indicating  the  magnitude  of  the  change  in  solubility 
arising  from  changes  in  the  gas-polymer  matrix".  Specifically, 
what  is  missing  from  their  discussion  is  a  statement  as  to  what 
the  nature  of  the  hypothetical  polymer/penetrant  interactions 
are  that  cause  the  concavity  in  the  isotherm.  In  other  words, 
what  change  is  induced  in  the  nature  of  the  polymer  in  the 
presence  of  the  penetrant?  The  "model"  comprised  of  Eq  (A-l ) 
and  (A-d)  has  a  strictly  empirical  basis.  It  seems  Incumbent 
upon  these  authors  to  explain  how  the  change  in  the  polymer 
matrix  makes  it  more  difficult  to  insert  another  penetrant 
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|£q  (A-l)l,  but  at  the  same  time  makes  it  easier  for  the 
penetrant  to  move  through  the  matrix  (Eq  (A-2) J .  The  dual  mode 
model  offers  the  physical  interpretation  that  concavity  in  the 
Isotherm  arises  from  a  site  saturation  mechanism  related  to 
filling  of  unrelaxed  gaps — a  phenomenon  which  is  not  only  easily 
visualized  and  understood,  but  also  has  been  tested  explicitly 
with  Independently  obtained  dllatometrlc  data  (bee  Figure  5). 

In  an  attempt  to  justify  the  assumption  of  plasticization 
put  forth  in  their  interpretation  of  6  in  Eq  (A-2),  kaucher  and 
Sefcik  compare  transport  data  and  NRR  data  for  the  CO2/FVC 
system.  This  comparison  has  several  questionable  aspects.  To 
relate  local  molecular  chain  motions  to  the  diffusion 
coefficient  of  a  penetrant,  one  should  use  the  so-called  local 
effective  coefficient,  Deff(c).  such  as  shown  in  Figure  5  rather 
than  an  average  or  "apparent"  diffusion  coefficient  as  was 
employed  by  these  authors.  De f f ( C )  describes  the  effects  of  the 
local  sorbed  concentration  on  the  ability  of  the  average 
penetrant  to  respond  to  a  concentration  or  chemical  potential 
gradient  in  that  region. 

Raucher  and  Sefcik,  on  the  other  hand,  base  their 
comparisons  between  NHK  data  and  transport  data  on  the  so-called 
"apparent"  diffusion  coefficient  defined  by: 

Da  -  t2/ 60  (A-3) 

where  0  is  the  observed  time  lag  and  i  is  the  membrane 
thickness.  Da  does  not  have  a  simple  meaning  equivalent  to  a 
true  molecular  mobility  unless  both  the  time  lag  and 
permeability  are  independent  of  upstream  pressure.  Since  this 
situation  is  not  typically  observed  in  glassy  polymers,  one  must 
use  Dgffft)  for  comparison  with  complementary  techniques  that 
probe  molecular  motion. 

The  seriousness  of  this  oversight  is  apparent  in  Sefcik  and 
Schaefer's  analysis  of  Toi's  transport  data  ( 2 ft)  in  terms  of 
their  NHK  results  (^).  The  value  of  the  so-called  "apparent" 
diffusion  coefficient  calculated  from  Toi's  time  lag  data 
increases  by  ~2 bZ  for  an  upstream  pressure  range  between  100  mm 
Hg  and  500  mm  Hg.  On  the  other  hand,  the  value  of  0eff(C) 
calculated  from  Toi's  data  changes  by  865:  over  the  concentration 
range  from  100  to  500  mm  Hg.  The  difference  in  the  two  above 
coefficients  arises  from  the  fact  that  Da  is  an  average  of 
values  corresponding  to  a  range  of  concentrations  from  the 
upstream  value  to  the  esse-rially  zero  concentration  downstream 
value  in  a  time  lag  measuremcii. .  Dejf(C),  on  the  ottier  hand, 
has  a  well-defined  point  value  at  each  specified  concentration 
and  is  typically  evaluated  (independent  of  any  specific  model 
other  than  Flck's  law)  by  dif f erentation  of  solubility  and 
permeability  data  (22 ) . 

A  second  issue  clouding  the  NMK  interpretation  of  Toi's 
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40®C  transport  data  lies  In  the  fact  that  the  cited  NMK  data 
were  collected  at  26*C  rather  than  4l)°C.  If  one  neglects  this 
fact,  Sefclk  and  Schaefer  suggest  that  the  5.72  Increase  In  the 
average  rotating  frame  relaxation  rate,  <Kjp(C)>  over  the 
pressure  range  (100  ns  Hg  to  500  mm  Hg)  corresponding  to  Tol's 
measurements  validate  their  claims  concerning  plasticization. 
This  suggestion  neglects  the  fact  that  the  252  Increase  In  Dg 
does  not  match  the  5.72  Increase  in  <Rjp(C)>.  Moreover,  recall 
that  l>a  is  actually  not  even  the  correct  coefficient  to  compare 
with  <Rjp(C)>.  The  observed  862  increase  in  Deff(C)  is  in  poor 
agreement  with  the  5.72  increase  in  the  NMR  parameter  over  the 
range  of  pressures  where  both  types  of  data  are  available. 

The  considerable  discrepancy  between  the  changes  in  the  two 
parameters  Deff(C)  and  <Rjp(C)>  is  not  impressive  proof  for 
plastlciatlon  at  such  low  concentrations.  This  observation  is 
especially  true  since  part  of  the  observed  5.72  increase  in 
<Rlp(C)>  may  be  accounted  for  by  spin-spin  effects.  The  value 
of  <Kjp(C)>  requires  cautious  interpretation  in  terms  of  bulk 
polymer  properties  such  as  the  effective  diffusion  coefficient; 
especially  in  light  of  the  preceding  discussion  concerning  Toi's 
data.  It  is  important  to  remember  that  even  at  500  mm  Hg,  there 
is  only  one  CO2  molecule  for  every  1300  PVC  repeat  units  in  the 
above  situation  and  yet  an  increase  of  862  occurs  in  the  value 
of  Deff(t)  between  100  mm  Hg  and  500  mm  Hg.  These  conditions  are 
extraordinarily  dilute,  and  the  observed  concentration 
dependence  of  0£ff(C)  is  perfectly  consistent  with  a  site 
saturation  type  behavior  inherent  in  the  dual  mode  model.  We 
have  always  acknowledged  that  concentration  dependence  of  Uj)  and 
UH  may  become  important  factors  at  elevated  pressures  for 
plasticization  prone  polymers.  Such  effects,  if  present  have 
been  of  second  order  importance  in  our  work  which  is  generally 
performed  on  "conditioned”  polymers  at  CO2  pressures  no  greater 
than  300  psl.  Eventual  concentration  dependence  of  D0  and 
is,  however,  not  related  to  the  views  of  Raucher  and  Sefclk 
summarized  by  Eq  (A-l)  and  Eq  (A-2).  These  equations  require 
that  the  seemingly  mutually  exclusive  processes  of 
antlplasciclzatlon  (Eq  A-l)  and  plasticization  (Eq  A-2)  occur 
simultaneously. 

Finally,  it  was  suggested  by  Raucher  and  Sefclk  that  the 
equations  derived  from  their  analysis  were  essentially  as 
effective  as  the  dual  mode  model  for  describing  existing  data. 
This  statement  requires  some  strong  qualification,  since  no 
linear  equation  can  describe  the  inflected  form  of  the  Deff(C) 
plot  shown  in  Figure  6  which  was  evaluated  by  graphical 
differentiation  of  the  permeability  and  solubility  data  with-it 
reference  to  any  particular  model  other  than  Fick's  law  (21,22). 
The  curve  through  the  data,  nevertheless,  corresponds  to  The 
dual  mode  model  and  provides  a  very  good  description  of  the 
data.  The  form  of  these  data  is  not  at  all  consistent  with 
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plasticization.  This  same  argument  will  apply  for  essentially 
all  of  the  cases  in  which  the  dual  mode  model  has  been  shown  to 
fit  the  form  of  the  local  diffusivlty.  The  data  points  can  at 
best  be  made  to  "snake"  around  the  linear  fit  of  the  expression 
in  Eq  (A-2)  and  the  linear  model  becomes  seriously  in  error  as 
Deff  begins  to  asymptote.  Limited  data  for  two  gas/polymer 
systems  were  shown  by  Dr.  Kaucher  which  indicated  that  the 
descriptions  of  permeabilities  and  time  lags  using  the  dual  mode 
and  matrix  models  is  not  very  different  for  the  systems  checked. 
If  this  is  true,  it  is  surprising  since  the  different  forms  of 
Dejf(C)  would  be  expected  to  give  rise  to  somewhat  different 
time  lag  results  when  integrated  according  to  Frisch's  method 
(35).  A  similar  conclusion  pertains  to  the  permeablity,  since 
even  if  the  solubility  data  were  perfectly  described,  the  misfit 
of  Deff(C)  suggests  that  there  should  be  a  misfit  in 
permeability  as  well.  It  is  possible  that  a  misfit  of  Deff(C) 
versus  C  and  of  C  versus  p  could  offset  each  other. 

In  one  of  their  comparisons  between  the  matrix  model  and 
the  dual  mode  model,  a  somewhat  misleading  presentation  of  data 
is  unintentionally  offered  in  Figure  4  of  the  kaucher  and  Sefclk 
paper:  "Matrix  Model  of  Gas  Sorption  and  Diffusion  in  Glassy 

Polymers"  (28).  What  should  be  compared  in  the  left  hand  side 
of  this  plot  is  the  dual  mode  model  with  refitted  parameters 
over  the  same  pressure  range  as  the  "Matrix  model"  parameters 
were  refitted  over.  Clearly,  a  detailed  statistical  comparison 
of  the  permeability  and  time  lag  predictions  arising  from  Eq 
(A-l)  and  Eq  (A-2)  must  be  made  with  the  large  body  of 
experimental  data  available  for  glassy  systems  before  a 
conclusion  can  be  reached  regarding  the  efficacy  of  the  "matrix" 
model  for  phenomenologically  describing  such  data  in  general. 

On  a  more  basic  level,  since  the  matrix  model  implicitly 
requires  a  somewhat  inconsistent  interpretation  for  the  various 
model  parameters  in  Eq  (A-l)  and  Eq  (A-2),  it  becomes  primarily 
an  empirical  means  of  reproducing  the  observed  pure  component 
data  with  no  fundamental  basis  for  generalization  to  mixtures. 
One  could,  of  course  envision  several  extensions  based  on 
additional  a  terms  in  the  denominator  of  Eq  (A-l)  and  additional 
8  terms  in  Eq  (A-2).  Such  an  approach  to  mixture  permeation 
analyses  would  be  completely  empirical  and  mimic  the 
generalization  of  Eq  (2)  and  Eq  (7);  however,  without  any 
physical  justification.  The  generalizations  of  Eq  (2)  and  Eq 
(7)  were  natural  outgrowths  of  the  fundamental  physical  basis  of 
the  Langmuir  isotherm.  fact  that  the  mixture  data  are  so 

consistent  with  Eq  (7)  and  Eq  (9)  provides  strong  support  for 
the  physical  basis  of  the  dual  mode  model. 

An  Important  value  of  a  permeation  model  is  not  simply  its 
ability  to  correlate  experimental  data,  but  rather  to  provide  a 
f  ramework  for  understanding  the  principal  factors  controlling 
membrane  performance.  The  dual  mode  model  is  derived  from 
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consistent,  physical  descriptions  of  the  glassy  state  and  yield 
parameters  which  make  unambiguous  molecular  scale  statements 
regarding  t lie  general  nature  of  glassy,  amorphous  materials. 

In  summary,  the  two  expressions  offered  in  Eq  ( A—  1 )  and 
Eq  (A-2)  provide  empirical  forms  for  correlating  the  general 
trends  In  pure  component  sorption  and  transport  data.  These 
expressions  are  not  offered  in  terms  of  internally  consistent 
physical  arguments  and  appear  to  offer  no  fundamental  basis  for 
understanding  general  glassy  state  behavior,  furthermore,  no 
fundamental  approach  is  apparent  for  the  treatment  of  the 
critically  important  mixed  penetrant  problem  using  the  model, 
since  the  various  parameters  in  the  model  lack  the  well-defined 
significance  provided  by  the  dual  mode  model. 


Nomenclature 


Affinity  constant  of  component  i  for  the  polymer  (atm-*) 
Diffusion  coefficient  of  the  Henry's  law  species  (cm^/sec) 
Diffusion  coefficient  of  the  Langmuir  species  (cm^/sec) 
Ratio  of  Langmuir  and  Henry's  law  diffusion  coefficients 
Henry's  law  constant  (cm-*  gas  (STP)/cm-*  polymer-atm) 

Cf(b/kD  where  is  the  capacity  of  Langmuir  mode  (cm-*  gas 
( STP ) /cm-*  polymer) 
pi  Upstream  driving  pressure  for  penetrant  1  (atm) 
Permeability  of  i  (cm^  gas( STP)-cra/cm^-6ec-cmHg ) 

Vg  Specific  volume  of  the  glassy  polymer  (cm^/g) 

V,  Specific  volume  of  the  densified  glassy  polymer  (cm^/g) 


bi 

**D 

F 

kD 
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A  Simple  Apparatus  for  Measurement  of  Liquid  Permeabilities  through  Polymeric  Films 


A  concise  description  of  the  evolutionary  design  of  a  simple  apparatus  tor  measurement  of  the  steady-state 
permeability  of  polymer  Dims  to  penetrating  Squids  Is  presented.  The  ceS  eliminates  Inherently  leaky  polymeric 
seals  (O-rlngs  or  gaskets)  by  using  opposing  metal  O-rlngs  which  produce  uniform  deformation  and  seal  of  the 
experimental  polymer  fHm  by  the  metal  O-rlngs  which  are  opposing  and  In  perfect  register.  The  permeabWty  cell 
weighs  approximately  125  g.  Is  constructed  entirely  from  off-the-shelf  components,  and  permits  gravimetric 
characterization  of  steady-state  permeabilities  by  using  a  conventional  analytical  balance  and  a  forced-air,  con¬ 
stant-temperature  convection  oven. 

Background  and  Introduction  aging  engineers.  Relatively  few  data  exist  to  guide  the 

The  estimation  of  permeation  rates  of  liquids  through  practicing  engineer  in  this  regard  for  typical  polymer/ 
polymeric  films  is  a  problem  often  encountered  by  pack-  penetrant  systems  due  to  the  difficulty  of  performing  such 
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measurement*  economically. 

The  present  note  describe*  briefly  the  shortcomings  in 
an  early  cell  design  which,  while  seemingly  adequate  in 
principle,  was  not  effective  for  measuring  losses  through 
low  flux  barriers.  We  then  present  an  extremely  simple 
and  effective  alternate  design  which  can  be  constructed 
from  off-the-shelf  components  and  permits  measurement 
of  steady-state  permeabilities  even  in  relatively  low  per¬ 
meation  (high  barrier)  systems. 

The  permeation  of  a  solvent  through  a  polymer  in  the 
absence  of  cracks,  pores,  or  other  compromising  defects 
is  conveniently  interpreted  as  a  stepwise  solution-diffusion 
process  (Salame  and  Steingiser,  1977)  involving:  (1)  dis¬ 
solution  of  the  solvent  into  the  polymer  film,  (2)  diffusion 
through  the  film,  driven  by  a  concentration  gradient,  and 
(3)  desorption  from  the  outer  film  surface. 

By  definition,  for  liquid  permeation  through  a  polymer 
film  the  permeability,  P,  is  the  steady-state  flux  of  a 
penetrant  through  a  polymer  membrane,  J8,  normalized 
by  the  activity  change,  Ao,  across  the  sample  thickness, 
l  (Petropouloe,  1974) 

P«Js/[Ao/f]  (1) 

Measurement  of  liquid  permeation  through  polymers 
can  be  performed  by  a  weight  loss  method.  Goebel  et  al. 
(1982)  used  heat-sealed  polyolefin  bottles  filled  with  the 
desired  penetrant  and  determined  the  weight  loss  due  to 
permeation  through  the  bottle  wall.  In  trying  to  calculate 
solvent  permeability  from  the  Goebel  data,  Koros  et  al. 
(1982)  were  confronted  with  the  problem  of  defining  the 
exact  diffusion  area  and  the  uniformity  of  the  polymer 
thickness  comprising  the  bottle  wall. 

To  eliminate  such  uncertainty,  associated  with  diffusion 
area  and  film  thickness,  we  decided  to  use  a  simple  flat 
membrane  cell.  The  first  version  of  the  cell  was  made  of 
glass  to  ensure  inertness  to  all  conventional  organic  sol¬ 
vents.  To  minimize  leaks  we  used  a  Viton  O-ring  joint. 
Delrin  brackets  were  used  to  provide  a  tight  seal.  Delrin 
is  a  tough  material,  yet  it  is  soft  enough  not  to  break  the 
glass  cell.  Initial  tests  indicated  that  a  small  but  unac¬ 
ceptable  amount  of  solvent  loss  was  occurring  through  the 
O-ring  seal.  Teflon  tape  was  wrapped  around  the  exterior 
of  the  O-ring  joint  and  a  heat  shrinking  tube  was  employed 
over  the  Teflon  sealed  O-ring  joint  before  mounting  the 
brackets  to  minimize  leaks. 

Even  with  all  of  these  precautions,  reproducibility  was 
still  rather  poor  when  the  Viton  O-ring  seal  was  used.  It 
appears  that  deformation  of  the  thick  polyethylene  film 
(20  mils)  by  the  rubber  O-ring  was  not  satisfactory  to  form 
a  reproducibly  good  seal  and  the  degree  of  sealing  changed 
slightly  from  run  to  run,  thereby  causing  vary...,,  -ults 
for  the  same  nominal  run  conditions.  Additionally,  some 
actual  permeation  loss  through  the  O-ring  is  anticipated. 

Description  of  the  New  Cell  Design 

To  circumvent  the  difficulties  encountered  with  the  first 
cell  described  above,  a  basically  different  design  using  two 
symmetrically  opposed  metal  O-rings  integral  to  the  top 
and  bottom  sealing  surfaces  was  adopted.  The  two  O-rings 
deform  the  film  slightly,  and  uniformly,  to  provide  an 
extraordinarily  tight  seal.  Essentially  no  weight  loss  (<- 
0.0001  g/day)  was  observed  in  a  cell  with  three  layers  of 
standard  aluminum  foil  replacing  the  membrane  in  a 
protracted  run  of  8  days.  On  the  other  hand,  loss  rates 
from  the  Viton  O-ring  sealed  glass  cell  in  such  leak  tests 
were  erratic  and  sometimes  approached  0.040  g/day. 
Typical  losses  in  these  runs  were  in  the  range  of  0.005  to 
0.020  g/day  for  the  glass  cell. 


ttnaeeo  wnr  or  ecu 

Figure  I.  Schematic  diagram  of  permeation  cell. 

A  schematic  of  the  successful  cell  design  is  presented  in 
Figure  1.  The  cell  is  inexpensive,  being  comprised  of 
Vt-in.  stainless  steel  CAJON  VCR  fittings  modified  to 
meet  the  needs  of  the  experiment.  The  low  cost  of  the 
apparatus  permits  procurement  of  a  large  number  of  the 
cells  for  studying  many  solvent /polymer  pairs  in  large-scale 
tests.  The  cell  shown  in  Figure  1  contains  three  parts.  A 
drilled  blind  female  nut,  a  male  nut,  and  a  gland.  A  5/g-in. 
hole  was  drilled  in  the  blind  nut  to  match  the  opening  of 
the  gland.  The  inner  part  of  the  gland  was  drilled  to  match 
the  upper  wall  thickness  of  the  gland  and  was  sealed  from 
the  top  with  silver  solder  to  hold  the  stainless  steel  cap. 
The  detailed  fabrication  procedure  is  described  in  the 
Appendix. 

The  polymer  film  serves  as  a  gasket  and  the  seal  is  made 
by  tightening  the  gland  to  the  blind  nut  using  the  male 
nut.  A  torque  wrench  was  used  to  apply  a  reproducible 
torque  of  50  in.-lbf  to  ensure  that  the  film  is  not  cut  by  the 
O-rings  while  it  is  being  sealed.  Our  experience  to  date 
has  been  confined  to  tough  polyolefins  and  we  anticipate 
the  possibility  of  problems  with  brittle  polymers  such  as 
polystyrene  because  the  metal  O-ring  might  crack  rather 
than  uniformly  seal  the  rigid  polymer. 

The  advantages  of  the  new  cell  design  are  summarized 
as  follows:  (1)  It  insures  an  essentially  perfect  seal  around 
the  desired  film  area  which  enables  accurate  measurement 
of  the  weight  loss  through  the  film.  (2)  The  weight  of  the 
cell  does  not  exceed  125  g  when  loaded  and  is,  therefore, 
within  the  160  g  limit  of  most  sensitive  analytical  balances. 

(3)  The  VCR  metal  O-rings  provide  a  very  well-defined 
diffusion  area  for  the  purpose  of  calculating  permeabilities. 

(4)  CAJON  VCR  connectors  are  readily  available  in  dif¬ 
ferent  sizes  as  an  off-the-shelf  component,  so  the  cells  are 
inexpensive  and  easy  to  construct. 

The  cells  were  cleaned  after  each  run  in  an  ultrasonic 
cleaner  using  dionized  water,  followed  by  a  drying  step  at 
40  °C  for  48  h.  For  the  solvents  studied  in  our  work,  a 
typical  run  using  20-mil  high  density  polyethylene  film 
requires  from  10  to  12  days  under  controlled  temperature 
conditions.  Higher  molecular  weight  solvents  or  “tighter’ 
barrier  films  would  presumably  require  longer  run  times 
to  reach  steady  state  and  to  permit  characterization  of  the 
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Table  I 

Px  10'.“ 

[(f*)  Goebel 

Px  10V* 

from  data  of 

et  al.  I/[(P) 

penetrant 

this  study 

Goebel  et  al. 

this  study] 

heptane 

14.6  t  0.3 

19.2 

1.32 

isooctane 

1.4  t  0  1 

3  24 

2.31 

“  Permeability  units  -  [cm*  (STP)  cm)/(cm*  s). 


steady-state  permeation  rate,  but  this  is  not  a  serious  re¬ 
striction. 

An  analytical  balance  with  five-decimal  accuracy  is 
needed  to  detect  the  extremely  low  loss  rates  of  some 
solvents  (0.0001  g/day).  With  low  flux  solvents  for  certain 
polymers  the  accuracy  of  the  balance  determines  the  ac¬ 
curacy  of  the  results.  A  Mettler  Model  H10W  balance 
(accurate  to  ±0.0001  g)  was  used  in  our  work.  A  small  flow 
rate  of  air  is  focused  on  the  downstream  membrane  face 
to  eliminate  concentration  polarization  which  could  bias 
permeation  results. 

Discussion 

Typical  data  for  isooctane  and  heptane  permeation 
through  20  mil  thick  high-density  polyethylene  films  are 
shown  in  Figure  2  for  both  the  earlier  (unsuccessful)  and 
the  latest  (successful)  designs.  The  original  cell  design 
provides  irreproducible  weight  loss  results  for  both  high 
flux  and  low  flux  solvents  due  to  irreproducibility  of  seal 
formation.  For  both  solvents,  however,  the  new  cell  design 
provides  reproducible  results.  Note  that  the  results  for 
the  new  cell  lie  below  those  of  the  glass  cell  by  an  amount 
equal  to  the  leak  through  and  around  the  rubber  O-ring 
seal. 

As  mentioned  before,  the  sensitivity  of  the  balance  can 
compromise  the  accuracy  of  the  measurement  In  fact,  we 
encountered  this  problem  in  our  work.  The  steady-state 
weight  loss  of  isooctane  was  found  to  be  0.0017, 0.0018,  and 
0.0019  g/day  in  three  similar  cells.  The  uncertainty  in  the 
last  digit  is  determined  by  the  basic  measurement  capa¬ 
bilities  of  the  balance  we  employed.  The  problem  is  not 
as  serious  in  the  case  of  heptane,  where  the  steady-state 
permeation  rate  is  an  order  of  magnitude  higher,  so  mea¬ 
surement  uncertainties  of  ±0.0001  g  associated  with  the 
balance  are  negligible. 

One  can,  for  example,  calculate  the  permeability  for  the 
penetrants  given  above  using  the  preceding  average  weight 
I os8  data  in  conjunction  with  eq  1.  The  diffusion  area  for 
the  cell  9hown  in  Figure  l  was  1.50  cm2,  and  the  film 
thickness  used  in  this  work  was  0.051  cm.  The  activity 
difference  across  the  membrane  (An)  in  eq  1  was  equal  to 
unity,  because  pure  liquid  was  in  contact  with  the  film  at 
the  upstream  face  ta2  =  1)  and  a  quickly  moving  air  stream 
swept  the  downstream  face  (a,  =  0).  Therefore,  inserting 
the  data  for  the  average  loss  rate  for  the  two  penetrants 
into  eq  1.  the  permeabilities  reported  in  Table  I  can  be 
calculated  as  shown  in  Table  II  for  isooctane. 

Table  I  also  shows  a  comparison  between  the  permea¬ 
bilities  of  heptane  and  isooctane  obtained  by  this  study 
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Figure  2.  Reproducibility  of  results  for  the  glass  cell  and  the  new 
cell. 

and  permeabilities  reported  by  Koros  et  al.  based  on  the 
work  done  by  Goebel  et  al.  Various  factors  are  believed 
to  cause  the  difference  in  results  shown  in  Table  I,  mainly, 
sample  to  sample  variation.  Other  factors  which  could 
contribute  to  the  observed  differences  are  possible  inac¬ 
curacies  in  approximating  the  diffusion  area  and  the 
nominal  wall  thickness  of  the  bottles  used  by  Goebel  et 
al.  These  geometrical  effects,  however,  are  expected  to  be 
of  rather  minor  importance  since  the  ratio  of  the  perme¬ 
abilities  in  the  present  study  to  those  calculated  from  the 
whole  package  tests  of  Goebel  are  quite  different  for  the 
two  solvents.  Clearly,  if  only  area  or  thickness  differences 
dominated,  the  ratio  of  permeabilities  should  be  essentially 
the  same  for  both  solvents;  thus  the  cause  of  the  discrep¬ 
ancy  is  most  likely  a  result  of  sample-to-sample  variation. 

Conclusions 

It  is  far  more  effective  to  seal  the  cell  by  deforming  a 
test  film  with  the  symmetrical  metal  O-ring  arrangement 
from  top  and  bottom  rather  than  sealing  the  film  using  a 
standard,  elastomeric  O-ring  seal.  The  cell  based  on  the 
metal  O-ring  concept  will  most  likely  be  unsuitable  for 
brittle  polymers  such  as  polystyrene.  Except  for  this  lim¬ 
itation,  the  cell  is  very  versatile  and  effective  for  measuring 
both  low  and  high  flux  penetrants  with  acceptable  repro¬ 
ducibility.  Even  relatively  ductile,  glassy  polymers  such 


Table  II.  Sample  Calculations  for  Isooctane 

Data:  average  weight  lou 
diffusion  area 
film  thickness 


0  0018  g/day 
l  5  cm* 

0  05 1  cm* 


0  0018 g 


day 


it  mol 


1  1 »  23  g 


22100  cm’lSTP) 


g  mol 


1  day 


86400  s 


0  051  cm 
thickness 
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Figure  S.  VCR  fitting*  modification*. 


as  polyethylene  terephthalate)  and  polycarbonate  should 
also  be  suitable  for  use  with  the  cell. 
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Appendix 

Detailed  Procedure  Recommended  for  Modification 
of  VCR  Fittings.  The  VCR  male  nut  requires  no  mod¬ 
ification  for  use  in  the  cell;  however,  the  blind  female  nut 
and  gland  must  be  altered  slightly.  Using  a  metal  lathe 


equipped  with  a  three- jawed  chuck,  center  the  VCR  blind 
female  nut  with  a  countersink,  and  drill  a  ’/j-in.  hole  as 
shown  below.  It  is  best  to  drill  from  the  inside  of  the  nut 
to  the  outside,  since  this  enables  deburring  the  edge 
without  damaging  the  polished  metal  O-ring  inside  the  nut. 
(See  Figure  3a.) 

After  completing  the  female  nut,  the  VCR  gland  should 
be  mounted  in  the  lathe  and  drilled  from  the  collared  end 
along  the  entire  length  to  an  inside  diameter  of  '/2-in. 
Again,  care  should  be  taken  to  avoid  damage  to  the  pol¬ 
ished  metal  O-ring  on  the  collared  end  of  the  gland  during 
drilling  and  deburring. 

To  complete  the  gland  modification,  stainless  steel  bar 
stock  is  used  to  make  an  end  cap.  The  stock  should  be 
turned  down  to  the  outer  diameter  of  the  VCR  gland  (0.597 
in.).  A  small  length  (0.2  in.)  of  the  bar  should  then  be 
turned  down  to  the  inner  diameter  of  the  gland  (0.500  in.) 
(See  Figure  3b). 

Caps  should  be  individually  fitted  for  each  VCR  gland 
for  best  results.  After  the  preliminary  forming  operation, 
proper  fit  of  the  cap  can  be  checked  before  cutting  off  the 
workpiece  to  allow  easy  filing  and  deburring.  Both  the 
gland  and  mating  cap  should  be  cleaned  and  degreased 
prior  to  welding. 

Although  a  variety  of  welding  options  exist,  we  found 
it  convenient  to  use  a  stainless  steel  brazing  material 
(Eutectic  1020)  with  a  standard  oxy-acetylene  torch. 
Following  cleaning  of  the  internal  surfaces  by  reaming,  the 
ceil  is  ready  to  assemble.  The  fabrication  time,  exclusive 
of  set-up  procedures,  is  approximately  1  h  for  each  cell. 
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Synopsis 

Sorption  isotherms  for  pure  C02  and  pure  OH,  in  Kapton  H*  polyimide  films  at  60°C  are  reported 
for  pressures  up  to  20  atm  and  are  analyzed  in  terms  of  the  dual  mode  sorption  model.  An  experi¬ 
mental  scheme  for  the  measurement  of  steady  -state  permeabilities  of  both  pure  and  mixed  gas  feeds 
is  described.  Permeabilities  of  Kapton  to  the  individual  components  at  60oC  are  presented  for  a 
mixture  comprised  of  32.23)  CO;  in  OH,  as  functions  of  feed  pressure  up  to  590  psi  (absolute).  The 
permeabilities  for  the  individual  penetrants  in  the  mixed  feed  are  lower  than  the  respective  pure 
component  values  at  the  corresponding  partial  pressures  Furthermore,  the  permeabilities  of  both 
penetrants  drop  as  the  feed  pressure  is  increased  at  constant  composition.  The  dual-mobility 
transport  model  used  to  analyze  the  data  postulates  that  the  observed  pressure  and  composition 
dependence  of  the  permeabilities  is  due  to  competition  between  penetrants  for  a  limited  microvoid 
sorption  capacity  in  the  glassy  polymer.  It  is  demonstrated  that  in  addition  to  flux  depressions  due 
todual-mode  effects,  nonideality  of  the  gas  phase  must  be  accounted  for  to  explain  the  substantial 
flux  depressions  observed  for  the  COj/CH,  mixtured  used  in  this  study. 


INTRODUCTION 

Sorption  and  Transport  of  Pure  Gases 

The  sorption  isotherms  of  gases  and  vapors  in  glassy  polymers  have  been  an¬ 
alyzed  by  many  authors  using  the  dual-mode  sorption  model  given  by 

C  =  Cp  +  Ch  —  hop  +  C}jbp/(l  +  bp)  ( 1 ) 

Physical  interpretations  of  the  three  parameters  appearing  in  eq.  (1)  have  been 
offered  previously.'  Besides  the  normal  dissolution  of  penetrants  in  the  polymer 
matrix,  which  follows  the  form  of  Henry’s  law,  this  model  postulates  that  a  second 
mode  of  sorption  is  operative.  This  additional  sorption  mode  corresponds  to 
the  filling  of  excess  unrelaxed  volume  present  in  glassy  polymers  and  is  described 
well  by  a  Langmuir  isotherm  with  total  capacity  C h  and  affinity  constant  b.  This 
model  has  been  shown  to  be  satisfactory  for  moderate  pressures  in  the  absence 
of  strong  interactions  between  penetrants  and  polymer  molecules,  which  may 
cause  plasticization  or  swelling.15 
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Under  the  above  conditions,  the  diffusive  fluxes  of  pure  gases  in  glassy  poly¬ 
mers  can  be  analyzed  in  terms  of  the  dual-mobility  model1-3  * 7  given  by 


m  n  n  h 

N  -  ~  Dp  — - l)H  — 

ax  ax 


(2) 


This  model  assumes  instant  local  equilibrium  of  penetrant  concentrations  be¬ 
tween  the  two  environments  and  accounts  explicitly  for  diffusion  of  penetrants 
through  the  two  types  of  environment  with  potentially  different  mobilities  Dp 
and  Dh  Although  these  two  diffusivities  may,  in  principle,  depend  on  con¬ 
centration,8  many  experimental  observations’  3-9  indicate  that  for  simple  gases 
the  two  coefficients  are  essentially  concentration  independent  when  the  pene¬ 
trant  concentration  in  the  polymer  is  relatively  low.  When  the  downstream 
-pressure  is  maintained  at  approximately  zero,  the  permeabilities  of  pure  gases 
have  the  following  form: 

P=knDn[l  +  FK/(l+bp)}  (3) 

where  K  =  CHb/kp  and  F  =  Dp /Dp. 


Transport  of  Gas  Mixtures 

For  cases  involving  only  weak  penetrant -penetrant  and  penetrant-polymer 
interactions,  Koros  et  al.'°  showed  that  the  dual-mobility  model  can  be  gener¬ 
alized  to  describe  the  transport  of  mixed  gases  in  glassy  polymers.  The  following 
expression  was  derived  for  the  permeability  of  component  A  in  a  binary-com¬ 
ponent  feed  when  the  downstream  pressure  can  be  approximated  as  zero: 

Pa  ~  ^daDoa  [1  +  FaKa/ (1  +  b*PA  +  &bP«))  (4) 

Compared  with  eq.  (3),  the  additional  term  appearing  in  the  denominator  of 
the  second  term  of  eq.  (4)  reflects  the  competition  of  the  "second''  component 
for  the  unrelaxed  regions  present  in  glassy  polymers.10  "  This  term  results  in 
a  predicted  permeability  decrease  of  component  A  owing  to  the  competition  of 
component  B  for  sorption  and  transport  pathways  in  the  membrane.  Chern  et 
al.12  demonstrated  experimentally  that  the  permeability  of  Lexan  polycarbonate 
at  35°C  to  CO2  was  indeed  reduced  by  more  than  15%  when  a  small  amount  (<3.5 
mol  %)  of  isopentane  was  introduced  into  a  pure  CO2  feed  stream.  It  was  shown 
that  these  data  are  consistent  with  the  form  of  eq.  (4).  Moreover,  it  was  later 
reported  by  Chern  et  al. 13  that  the  permeability  of  Kapton  H  polyimide  to  C02 
was  depressed  by  up  to  11%  by  the  presence  of  H20  at  low  relative  humidities 
(5.5  and  9.3%).  Similar  effects  have  been  reported  for  water  and  hydrocarbons 
in  polyimides  by  Pye  et  al.14  snd  by  Robeson’'’  for  CO2  in  the  presence  of  4,4'- 
dichlorodiphenylsulfone  in  polysulfone.  This  paper  is  a  continuation  of  these 
previous  studies  to  test  the  general  validity  of  the  provocative  implication  of  eq. 
(4)  that  the  presence  of  a  second  component  in  a  mixed  feed  will  lower  the  per¬ 
meability  of  the  other  component  in  the  absence  of  overriding  plasticizing  effects. 
In  that  regard,  steady-state  permeability  data  of  Kapton  H  polyimide  to  a  C02 
and  CH4  mixture  and  the  respective  pure  gases  are  presented  as  functions  of  feed 
pressure  at  60°C.  The  important  effects  of  temperature  and  feed  composition 
are  under  investigation  and  will  be  presented  in  a  later  publication. 
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EXPERIMENTAL 

Materials 

Gases 

Coleman-grade  C02  (99.999%),  instrument -grade  CH4  (99.7%),  and  re¬ 
search-grade  N2  (99.9995%)  were  used  The  mixture  (32.2%  C02,  67.8%  CH4) 
and  the  calibration  gas  (202  ppm  CH4. 2040  ppm  C02  in  N2)  were  purchased  from 
Air  Products  and  Chemicals,  Tamaqua,  PA.  The  composition  of  the  C02/CH4 
mixture  was  determined  by  using  the  relative  response  factor  generated  in  our 
laboratory. ,f 


Film 

The  0.3-mil  Kapton  H  polyimide  films  were  kindly  supplied  by  the  E.  1.  Du 
Pont  Company.  Kapton  has  the  following  structure  as  its  repeat  unit: 


which  provides  a  balance  between  stiffness  through  the  aromatic  diimide  and 
flexibility  through  the  ether  linkage. 

The  films  were  degassed  at  60°C  for  48  h  before  permeation  measurements. 
DSC  (differential  scanning  calorimeter)  data  generated  in  our  laboratory  indi¬ 
cated  no  trace  of  a  glass  transition  up  to  500°C,  although  Du  Pont  reported  evi¬ 
dence  of  a  transition  between  400  and  500°C  for  Kapton  H,  depending  on  the 
method  of  measurement.17 


Apparatus 

Permeation 

All  tubing,  connections,  valves,  and  the  permeation  cell  are  either  314  or  316 
stainless  steel.  The  permeation  cell  was  custom  made  and  the  other  cell  com¬ 
ponents  were  purchased  from  Raleigh  Valve  and  Fitting  Co.,  Raleigh,  NC.  The 
detailed  dimensions  of  the  permeation  cell  and  a  schematic  diagram  of  the  ap¬ 
paratus  are  shown  in  Figures  1  and  2,  respectively.  The  effective  area  available 
for  permeation  is  9.6  cm7. 

To  minimize  concentration  polarization  on  the  feed  side,  the  feed  flow  rate 
was  adjusted  to  values  such  that  the  maximum  stage  cut  was  less  than  0.01%  of 
the  feed.  An  approximate  estimation  scheme  is  provided  in  Appendix  A,  which 
indicates  that  the  concentration  polarization  was,  indeed,  negligible  even  at  the 
highest  permeation  fluxes  studied. 

Matheson  model  9  two-stage  regulators  were  used  to  deliver  and  maintain  feed 
pressures  up  to  260  psi  (absolute)  and  a  Matheson  model  4  one-stage  regulator 
with  stainless-steel  diaphragm  was  used  for  pressures  higher  than  260  psi  (ab¬ 
solute).  An  Airco  model  18  two-stage  pressure  regulator  was  used  to  drive  an 
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Fig.  1.  Dimensions  of  the  permeation  cell. 


Air  Products  gas  flow  controller  which  has  an  instantaneous  precision  of  0.3%. 
The  actual  flow  rate  of  the  N2  pickup  stream  was  measured  using  a  bubble  flow 
meter  kept  at  constant  temperature  with  a  reproducibility  of  approximately  0.5%. 
The  pressure  of  the  N2  pickup  stream  was  monitored  by  a  Kulite  ITQS  pressure 
transducer  and  was  maintained  at  less  than  0.1  psi  (gauge).  The  permeation 
apparatus  was  immersed  in  an  insulated  constant-temperature  air  bath.  A  base 
load  variable  heater  was  used  to  compensate  the  continuous  heat  loss  to  the  en¬ 
vironment  and  another  variable  heater,  together  with  a  Fisher  RotoStat  mercury 
thermoregulator  and  a  relay,  kept  the  bath  temperature  within  ±0.05°C  of  the 
set  value. 

The  calibration  gaB  was  used  as  an  external  standard  for  the  analysis  of  the 
permeant  samples.  A  Varian  3700  GC  (gas  chromatograph)  with  dual  TCD 


FEED  CAS 


Fig.  2.  Schematic  diagram  of  the  permeation  apparatus. 
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(thermal  conductivity  detector)  and  a  Shimazu  GC  with  single  FID  (flame  ion¬ 
ization  detector)  were  used  respectively  for  determining  the  concentrations  of 
C02  and  CH4  in  the  permeate.  This  arrangement  was  necessary  because  the 
tail  of  the  N2  peak  overlapped  the  CH4  peak  and  the  concentrations  of  CH4  in 
the  permeate  were  near  the  limit  of  TCD  sensitivity.  Four  and  one-half  feet  of 
100/120  carbosieve  S  columns  were  used  for  both  GCs  with  sample  loops  of  1  and 
0.25  cm3,  respectively. 

It  was  found  that  the  permeability  was  independent  of  the  N2  pickup  flow  rate, 
ranging  from  8  to  25  m3/min.  This  observation  indicates  that  the  responses  of 
both  detectors  are  indeed  linear  with  reSpect  to  the  concentrations  of  the  pene 
trants.  Since  responses  of  the  detectors  may  vary  slightly  with  time,  calibrations 
were  performed  daily  to  minimize  uncertainties  in  the  final  calculations. 

Sorption 

Isotherms  of  pure  C02  and  CH4  were  determined  by  using  very  sensitive 
pressure  decay  procedures  and  an  apparatus  which  has  been  described  in  detail 
in  earlier  publications  by  our  group.16 18  21  This  procedure  involves  rigorous 
material  balance  calculations  using  pertinent  equations  of  state  for  the  various 
gases.  The  sorption  parameters  in  eq.  (1)  were  determined  by  a  nonlinear  re¬ 
gression  algorithm.161819 


P  .  atm 

Fig.  3  Sorption  isotherms  At  60°C:  (a>  CO*.  (b)  CH4.  in  Kapton  H  polyimide.  Different  symbol* 
stand  for  different  runs. 
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Fig.  5.  Permeability  of  Kapton  H  at  60°C  plotted  according  to  eq.  (3):  (a)  COj.  (b)  CH« 


at  60°C  for  120  h  were  used.  An  initial  "conditioning”  effect  during  the  first 
sorption  cycle,  which  has  been  observed  consistently  for  other  glassy  poly¬ 
mers, 1-3-9181921  appears  to  be  absent  for  Kapton.  The  conditioning  effect  is 
pronounced,  for  example,  when  Lexan  polycarbonate  is  exposed  to  C02  at 
35°C.22 

The  sorption  isotherms  were  analyzed  in  terms  of  the  dual-mode  sorption 
model  [eq.  (1)]  using  nonlinear  least-squares  regression218  and  yielded  the 
dual-mode  parameters  k d,  C h,  and  b  in  Table  I.  These  parameters  were  then 
used  to  generate  the  solid  lines  in  Figures  3(a)  and  3(b). 


Permeation 

Steady-state  permeabilities  at  60°C  for  both  pure  C02  and  pure  CH<  decrease 
with  increasing  pressures  as  shown  in  Figures  4(a)  and  4(b).  These  data  are 
replotted  in  Figures  5(a)  and  5(b)  according  to  eq.  (3),  and  from  the  slopes  and 
intercepts,  transport  parameters  in  Table  II  are  calculated.  The  solid  lines  in 
Figures  4(a)  and  4(b)  are  calculated  values  based  on  the  dual-mobility  model 
with  parameters  in  Tables  I  end  II.  The  reproducibility  of  the  permeability 
measurement  is  within  1%  even  ovei  a  long  period  of  time  during  which  the  film 
has  been  exposed  to  CO2/CH4  mixtures  of  various  compositions  and  over  a  wide 
range  of  pressures.  This  observation  is  illustrated  in  Figure  4(a)  where  C02 
permeabilities,  measured  approximately  three  months  apart  for  the  same  film, 
fall  essentially  on  the  same  curve.  Furthermore,  no  high-pressure  "conditioning” 
effect  on  permeability  was  observed  for  a  film  exposed  to  300  psi  (absolute)  C02 
continuously  for  48h.  Only  slight  increases  (<2%)  in  C02  permeability  were 
observed  for  a  film  exposed  to  450  psi  (absolute)  (30  atm)  C02  for  24  h. 

The  diffusion  coefficient  D,rr,  defined  as 
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Fig.  6  Permeation  flu*  versus  penetrant  concentration  at  the  upstream  surface  position  of  the 
membrane:  la)  C02.  (bl  CH<.  The  lines  are  drawn  to  assist  reading  only. 


N  =  -Dr((~  (5) 

dx 

can  be  obtained  by  differentiating  the  steady-state  flux  shown  in  Figures  6(a) 
and  6(b)  with  respect  to  the  sorbed  penetrant  concentration  C 2  evaluated  at  the 
feed  side, : r  =  L: 


0eff(C2) 


d(NL) 
dC  c2 


(6) 


Instead  of  performing  the  differentiation  graphically,1  a  secant  method  was 
applied  to  points  in  Figures  6(a)  and  6(b)  to  determine  the  derivatives.  The 
detailed  procedure  is  illustrated  in  Appendix  B.  The  results  are  included  in 
Figures  7(a)  and  7(b). 

Alternatively,  I)f a  may  be  calculated  from  the  independently  determined 
dual-mode  sorption  and  transport  parameters  according  to  eq.  (7).  The  deri¬ 
vation  of  eq.  (7)  has  been  presented  by  Paul  et  al.7 


D»fdC2)  =  Dd 


1  +  FK/(  1  +  6p2)2 
1  +  K/(l  +  bp2 )2 


(7) 


The  calculated  values  are  represented  by  the  solid  lines  in  Figures  7(a)  and  7(b). 
The  agreement  between  the  expc*imental  values  and  model  calculations  is  clearly 
quite  satisfactory. 


Permeation  of  Mixed  Gases 

Permeabilities 

Permeabilities  of  C02  and  CH<  for  a  32.2%  C02  in  CH<  mixture,  determined 
as  functions  of  pressure  up  to  roughly  590  psi  (absolute)  (40.2  atm),  are  presented 
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pco2  p*' 


PCH4 

Fie  8.  Permeability  of  Kapton  H  to  a  CO^/CH*  miiture,  mole  fractions  CO?  =  32.2‘S.  CH«  ■  67. (ft 
versus  penetrant  partial  pressure  (al  COt,  (b)  CH«  The  solid  lines  represent  model  calcula 
lions 


in  Figures  8(a)  and  8(b).  The  reproducibilities  of  the  data  were  roughly  ±1% 
and  ±0.5^  for  CH4  and  C02,  respectively.  The  somewhat  worse  reproducibility 
of  the  CH4  data  may  be  caused  by  the  instability  of  the  single  FID  detector  used 
for  CH4  analysis.  A  discussion  v,.'  „!•«.  errors  associated  with  the  permeability 
data  reported  in  this  article  is  included  in  Appendix  C. 

Each  point  in  Figures  8(a)  and  8(b)  represents  the  average  value  of  at  least  four 
repeated  measurements.  The  solid  lines  in  the  figures  are  calculated  on  the  basis 
of  eq.  (4)  using  the  sorption  and  transport  parameters  of  the  respective  pure  gases 
shown  in  Tables  1  and  II .  The  broken  lines  represent  values  calculated  from  the 
dual-mobility  model  [Eq.  (3)]  based  on  the  respective  partial  pressures  but  ne¬ 
glecting  competition  between  C02  and  CH4  for  the  limited  number  of  microvoid 
sorption  sites  in  Kapton  H. 
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Fig  9.  Permeability  versus  1/(1  +  brojPro,-*  bcH.pcH.l,  according  to  eq.  (4):  (a)  CO;,  (b)  C'H« 
The  solid  lines  represent  model  calculations. 


Apparently,  individual  permeabilities  are  reduced  significantly  by  the  presence 
of  the  other  penetrant.  This  observation  supports  the  point  of  view  that  pene¬ 
trants  compete  for  a  limited  number  of  sorption  sites  and  thus  the  associated 
diffusion  pathways  in  the  glassy  polymer.  Therefore,  the  two  penetrants  do  not 
permeate  independently,  even  when  strong  specific  intermolecular  interactions 
are  absent. 

On  the  other  hand,  deviations  between  model  calculations  and  experimental 
data  increase  as  the  feed  pressure  increases  and  become  significant  for  total 
pressures  above  300  psi  (absolute).  According  to  eq.  (4),  there  is  a  linear  relation 
between  l\  and  1/(1  +  >.  As  an  alternative  test  of  the  validity  of 

the  model,  the  permeability  data  are  replotted  according  to  this  scheme  in  Figures 
9(a)  and  9(b).  where  the  lines  are  model  calculations,  using  the  sorption  and 
transport  parameters  of  the  respective  pure  gases  shown  in  Tables  1  and  II. 

Clearly,  additional  considerations  other  than  simple  competition  for  the  mi¬ 
crovoid  sorption  sites  have  to  be  included  to  explain  the  substantial  depression 
of  mixture  permeabilities,  particularly  at  higher  pressures.  This  effect,  related 
to  gas-phase  nonidealities  at  high  upstream  pressures  is  discussed  in  detail 
below. 


Separation  Factors 

Conventionally,  the  separation  factor  is  defined  as  (y a/\h)/(x  a/xh),  where 
y,’s  and  j.’s  are  the  mole  fractions  of  the  penetrants  in  the  product  and  feed 
streams,  respectively.  When  the  pressure  of  the  product  stream  is  negligibly 
small  compared  with  the  feed  pressure,  the  separation  factor  will  be  approxi¬ 
mately  equal  to  the  ratio  of  permeabilities  FA/f>f1,  which  is  sometimes  called  the 
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Kik  10.  Ideal  separation  factor  versus  total  feed  pressure 


“ideal  separation  factor.”2''24  The  solid  line  in  Figure  10  represents  values 
calculated  from  the  dual  mode  model  using  the  respective  forms  of  PA  and  Pn 
from  eq.  (4).  The  broken  line,  on  the  other  hand,  corresponds  to  model  pre¬ 
dictions  without  considering  the  competition  effect  discussed  above.  Again, 
the  effects  of  competition  are  evident  and  have  to  be  accounted  for  when  assessing 
the  selectivities  of  glassy  polymers.  As  discussed  below,  this  apparent  pressure 
dependence  of  the  ideal  separation  factors  actually  arises  from  the  combined 
contributions  of  both  competition  effect  and  the  effect  of  the  gas  phase  noni- 
dealitv. 


Effects  of  Nonideality  of  the  Gas  Phase 


Conventionally,  the  permeability  of  component  i  (P, )  is  defined  in  terms  of 
A p, ,  the  difference  in  partial  pressures  of  component  i  at  the  upstream  and 
downstream  faces  of  the  membrane  of  thickness  L: 


P,  = 


A pJL  ~  pl2/L 


(8) 


where  N^,  is  the  steady-state  flux  of  component  i  through  the  membrane.  The 
approximation  noted  is  well  sau  when  the  downstream  pressure  p j,  is  close 
to  zero,  as  it  is  in  the  present  work.  In  cases  where  p2  differs  significantly  from 
the  fugacity,  it  is  reasonable  to  define  an  alternative  permeability  P]  in  terms 
of  the  fugacity  difference  of  the  penetrant  across  the  film: 


Pf  = 


A fJL  S  fall 


(9) 


Clearly,  for  gases  that  show  negligible  nonideal  gas  behavior,  the  two  definitions 
coincide.  For  a  gas  such  as  COj.  however,  Pfo/. Pro?  =  P-Jf 2  ~  1  /<*>.  where  <t>  is 
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the  gas-phase  fugacity  coefficient  of  00^  at  the  upstream  temperature  and 
pressure. 

Such  considerations  become  even  more  significant  in  mixed  gas  situations  for 
which  one  may  hold  pj  constant  but  cause  f  >  to  change  markedly  owing  to  the 
addition  of  a  high-pressure  second  component.  To  permit  decoupling  perme 
ability  reductions  caused  by  this  gas-phase  effect  from  the  polymer-phase  effect 
associated  with  saturation  of  the  microvoid  sorption  sites,  we  shall  recast  eqs. 
(1)  and  (3)  in  terms  of  fugacity  and  redetermine  the  pertinent  coefficients.  An 
alternative  approach  to  this  problem  has  been  suggested  by  Petropoulos*5; 
however,  we  have  chosen  the  current  approach  for  simplicity  and  for  ease  of  ex¬ 
tension  to  multicomponent  situations.  The  resulting  equations  are  similar  to 
eqs.  (1),  (3),  and  (4)  except  fugacities  instead  of  partial  pressures  are  used: 

f  =  k),f  +  CH‘b‘f/(\  +  b’f)  (10) 

P‘  =k),l)),  |1  +F'K'/(l  +  6‘/>]  (ID 

P-  =  k)tAl)) M  |1  +  F'aK'aH  1  +  b^A  +  byB)]  (12) 


Pure  Gases 

Since  fugacity  is  the  fundamental  property  that  must  be  equal  in  the  gas  phase 
and  polymer  phase,  the  parameters  in  eqs.  (10)  and  (11)  should  be  more  appro¬ 
priate  for  mixed  gas  calculations.  As  noted  above,  it  is  possible  to  reduce  the 
fugacity  of  component  A  at  constant  partial  pressure  by  introducing  another 
component  B  in  a  high-pressure  gas  mixture.  By  basing  calculations  on  fugacity, 
any  gas  phase  complexities  can  be  treated  independently  of  the  dual-mode  effects 
that  are  of  principal  interest  in  this  study. 

The  dual-mode  sorption  parameters  for  CO.-  and  CH4  based  on  eq.  (10)  are 
included  in  Table  I.  The  transport  parameters  and  Fit  of  the  data  to  eq.  (11)  are 
displayed  in  Table  II  and  Figures  11(a)  and  11(b).  For  CH4,  this  treatment 
apparently  does  not  significantly  affect  the  fit  of  data  and  parameter  values  as 
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Fig  11.  Permeability  versus  1/(1  +  6*0  according  to  eq.  (1 1):  (at  CO;,,  (b)  CH4 


CHKKN  ET  AL 


Pur%  C02 


Pur*  CM4 


concentration. 


Fig  12  Effective  diffusion  coefficient  versus  penetrant  concentration:  (at  CO2.  (b)  CH«.  The 
solid  line  represents  model  predictions  using  fugacitv  based  parameters 


is  consistent  with  the  fact  that  CH4  is  roughly  an  ideal  gas  under  the  experimental 
conditions  On  the  other  hand,  for  CO2,  the  fit  of  the  data  toeq.  (12)  is  slightly 
less  satisfactory  than  its  counterpart  in  Figure  5(a),  which  was  discussed  in  a 
previous  section.  In  fact,  there  seems  to  be  a  slight  curvature  in  Figure  11(a), 
suggesting  that  a  small  amount  of  plasticization  may  have  taken  place  at  higher 
CO2  concentrations  and  caused  a  minor  change  in  D},.  In  the  present  case, 
however,  even  if  the  nonlinear  relation  is  attributed  completely  to  an  increase 
in  DL  less  than  5*5  change  in  Dj>  is  apparent,  as  indicated  by  the  intercepts  of 
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the  solid  and  dashed  lines  in  Figure  11(a).  The  fit  of  the  data  to  the  fugacity- 
based  model  for  both  C02  and  CH4  is  still  quite  good. 

A  tentative  treatment  may  include  allowing  a  small  increase  in  Dj,  with  con¬ 
centration  in  order  to  fit  the  data  at  higher  C02  concentrations  (corresponding 


CO2  Fugacity.  psi 


CH4  Fugacity.  psi 


pcm4  ■  PS' 

Fig.  13.  Permeability  as  defined  in  eq.  (10)  versus  penetrant  partial  pressure:  la)  CO?.  (hi  CH, 
The  solid  lines  represent  model  calculations. 
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to  pro.  >  13  atm).  This  approach  could  proceed  along  the  lines  suggested  by 
Stern  and  SaxenaK  and  seems  to  provide  a  reasonable  explanation  for  the  data 
available.  To  corroborate  these  preliminary  findings,  a  more  detailed  investi¬ 
gation  regarding  the  sorption  and  permeation  of  gases  in  glassy  polymers  at 
pressures  higher  than  those  covered  in  this  study  is  currently  under  way  in  our 
laboratory- 

Concentration-Dependent  Local  Diffusion  Coefficient 

To  investigate  the  concentration  dependence  of  the  fugacity-based  perme¬ 
ability  further,  we  resort  to  eqs.  (6)  and  (7),  following  the  same  procedures  as 
discussed  above.  The  results  are  included  in  Figures  12(a)  and  12(b),  where  the 
circles  are  experimental  values  evaluated  according  to  the  method  described  in 
Appendix  B  and  the  solid  line  represents  values  calculated  based  on  eq.  (13): 

/Wf  *>-/>„  1  +  K./a  +  b.f2)2  (13) 

Again,  the  fit  between  experimental  data  and  model  predicted  values  is  rea¬ 
sonably  good.  For  CH.j,  no  plasticizing  effects  are  evident  as  pointed  out  pre¬ 
viously.  The  dotted  circle  in  Figure  12(a)  is  an  extrapolated  value  based  on 
experimental  data  which  together  with  the  last  few  points  at  higher  concentra¬ 
tions  seems  to  support  the  suggestion  discussed  previously  that  D },  may  increase 
slightly  with  penetrant  (CO^)  concentration  at  the  high  end  of  the  concentration 


Kapton  H 
60  “C 

32.2  XCO2 
67  8  XCM, 


00  0  2  04  0.6  0l6  10 


0  02  04  06  08  10 


/ /(,'bCOj,CO j'  4m4*C><,) 


^t1 '  ^roj'coj '  4h4'cm4  ' 


Fig  14  Permeability  versus  l/(  I  +  bfojco^  +  according  to  eq  (121:  (a)  COo,  (b)  CH< 

The  solid  lines  represent  model  calculations. 
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Mixed  Gases 

A  treatment  similar  to  that  leading  to  eq.  (4)  but  instead  based  on  fugacity  may 
be  applied  to  the  mixture  data  according  to  eqs.  (9)  and  (12).  The  results  are 
included  in  Figures  13(a),  13(h),  14(a),  and  14(b).  The  solid  lines  in  these  figures 
correspond  to  model  calculations  using  eq.  (12)  with  sorption  and  transport 
parameters  reported  in  Tables  1  and  II.  The  broken  lines  in  Figures  13(a)  and 
13(b)  correspond  to  the  pure-component  permeabilities  at  the  same  partial 
pressures.  The  magnitude  of  the  depression  apparent  from  comparison  of  the 
points  and  the  broken  lines  is  on  the  order  of  5%  for  C02  and  2%  for  CH4.  In 
Figures  13(a)  and  13(b),  both  pressure  and  fugacity  are  included  as  abscissas  for 
reference  purposes.  Evidently,  the  fit  between  experimental  data  and  model 
predictions  for  C02  is  improved  as  compared  with  their  counterparts  in  Figures 
8  and  9,  particularly  at  higher  total  pressures  where  nonideality  of  the  gas  phase 
is  comparable  with  or  even  dominant  over  the  competition  effect.  For  CM*,  little 
improvement  is  evident  compared  with  the  previous  approach.  This  result  is 
reasonable  since  CH4  is  relatively  ideal.  Moreover,  the  permeability  of  CH4 
exhibit  less  pressure  dependence  than  that  of  CO2,  and  there  is  a  larger  per¬ 
centage  scatter  in  the  CH4  data  due  to  the  measurement  difficulties  noted  above. 
This  hinders  efforts  to  assess  the  degree  of  misfit  between  the  data  and  model 
calculations. 

The  ratios  of  the  fugacity -based  permeabilities  are  plotted  in  Figure  15,  where 
the  solid  and  the  broken  lines  represent  model  predictions  with  and  without 
competition  considerations,  respectively. 

Interestingly,  the  data  in  Figure  15  have  a  much  milder  pressure  dependency 
than  their  counterparts  shown  in  Figure  10. 

The  physical  meaning  of  the  ratio  of  the  fugacity-based  permeabilities  P"JP’n 
is  apparent  from  its  definition: 
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(flux  of  A)/(funa<  in  difference  of  A  across  the  film/film  thickness) 

(flux  of  H)/(fugacity  difference  of  K  across  <he  film/film  thickness) 

Clearly,  this  ratio  serves  as  an  index  of  the  intrinsic  selectivity  of  the  polymer 
for  the  two  gases  since  the  nonideality  of  the  gas  phase  has  been  explicitly  ac¬ 
counted  for  in  the  above  expression.  On  the  other  hand,  the  ratio  of  the  pres¬ 
sure-based  permeabilities  gives  the  "actual”  separation  factor  (va/.v«)/(*a/*«) 
which  can  be  achieved  when  the  downstream  pressure  approaches  zero.  This 
latter  parameter  reflects  the  combined  effects  of  both  the  intrinsic  polymer 
permselectivity  and  the  gas-phase  nonideality.  A  comparison  between  Figures 
10  and  15  demonstrates  the  importance  of  decoupling  gas-phase  nonideality  from 
experimental  flux  data  for  gas  mixtures  which  otherwise  could  lead  to  erroneous 
conclusions  concerning  transport  phenomena  in  the  polymer  phase.  The  rea¬ 
sonable  success  of  the  proposed  interpretation  of  the  C02/CH4  mixture  per¬ 
meabilities  also  indicates  that  extra  complexities  due  to  compaction  of  the  rigid 
polymer  phase  are  not  present,  at  least  under  the  experimental  conditions  cov¬ 
ered  in  this  study  (cf.  ref  25). 


CONCLUSION 

Sorption  and  transport  of  pure  C02  and  pure  CH4  in  Kapton  H  polyimide  at 
60°C,  like  many  other  gas/polvmer  pairs,  are  described  well  by  the  dual-mode 
models.  Permeabilities  of  individual  penetrants  in  a  mixed  gaseous  feed  are 
significantly  lower  than  the  corresponding  pure-gas  values  at  the  same  partial 
pressures.  This  difference  becomes  larger  when  the  total  feed  pressure  is  in¬ 
creased.  At  lower  total  pressures,  which  correspond  to  a  relatively  ideal  gas 
phase,  the  observed  phenomena  are  amenable  to  the  interpretations  of  the 
generalized  dual-mobility  model  based  on  partial  pressures.  However,  as  the 
total  feed  pressure  increases,  the  effects  of  gas-phase  nonideality  increase  and 
become  comparable  or  even  more  important  than  the  proposed  competition 
"mechanism.  To  differentiate  and  facilitate  analysis  of  these  two  factors,  an  al¬ 
ternative  dual  mode  model  based  on  fugacity  is  proposed  The  fit  between  ex 
perimental  data  and  model  predictions  is  quite  satisfactory.  Small  apparent 
deviations  between  model  and  experimental  results  for  pure  CO/  can  be  attrib¬ 
uted  to  a  minor  (<5‘J< )  increase  which  occurs  at  pressures  above  10  15  atm  for 
the  so-called  Henry ’s-law  mode  diffusion  coefficient  Dp 

These  findings  together  with  previous  studies  of  the  effects  of  condensible 
vapors1--1'1  provide  quantitative  support  for  the  proposition  that  simple  gases 
compete  for  the  limited  microvoid  sorption  sites  in  glassy  polymers  and  cause 
reduced  sorption  concentrations  and  permeation  rates  of  the  individual  pene 
trants.  The  effect  of  competition  on  the  fugacity-based  permeabilities  of  both 
C02  and  0H4  in  Kapton  H  poly  -ode  is  relatively  small  under  the  conditions 
covered  in  the  present  study.  For  example,  according  to  eq  (12).  the  perme 
ability  of  C02  at  60°C  and  20  psi  (absolute)  partial  pressure  will  be  lowered  by 
roughly  10r/<  from  its  pure-component  value  of  4.51  X  10~n  to4.08  X  10“n  cm:l 
(STP)  cm/cm2  s  cm  Hg  as  18(1  psi  (absolute!  of  CH4  is  introduced  On  the  other 
hand,  for  polymers  which  exhibit  higher  Langmuir  capacit  ies  it  is  expected 
that  the  competition  effect  will  be  even  more  prominent 

Moreover,  this  analysis  points  out  that  gas-phase  nonideaiity  should  be  ac¬ 
counted  for  at  high  pressures  if  the  mixtures  of  interest  are  highly  nonideal  The 
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present  approach  thus  provides  a  useful  tool  for  determining  the  relative  mag¬ 
nitude  of  the  competition  factor  and  the  nonideality  factor  under  given  physical 
conditions.  Further  tests  of  the  proposed  treatment  will  be  pursued  using  the 
same  polymer/gas  system  as  in  the  present  study  but  at  other  temperatures  and 
higher  pressures  where  plasticization  is  expected  to  further  complicate  the  mixed 
gas  permeation  behaviors. 
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APPENDIX  A:  ESTIMATION  OF  CONCENTRATION 
POLARIZATION  IN  THE  PERMEATION  CELL 

Gas  transport  through  a  nonporous  membrane  involves  the  following  steps: 

( 1 )  diffusion  through  the  upstream  gaseous  phase  boundary  layer 

(2)  sorption  into  the  memhrane 

(,‘t)  diffusion  through  the  membrane 

(4)  desorption  from  the  downstream  face 

(5)  diffusion  through  the  downstream  gaseous  phase  boundary  layer 

Under  normal  conditions,  equilibria  are  assumed  to  prevail  at  the  membrane  surfaces:  consequently 
only  the  resistances  associated  with  steps  1 , 3,  and  5  which  are  included  in  Figure  16  will  be  considered. 


mass  -transfer 


hi*.  u;  SchnuRtM  diagram  of  the  various  resistances  associated  with  gas  transport  through  a 


Al  steady  state,  it  can  be  shown  that2' 


A  '  l/':  -  f>.Mr:  =  {p\  -  p i > /r , 

«  -  /'>*//•  “  75iC..  -  r,»//. 


(All 


where  S  is  the  permeation  flux,  7*  is  the  observed  permeability,  />, ’s  are  the  partial  pressures  in  the 
bulk  (taseous  phase,  p,  s  are  the  partial  pressures  at  the  membrane  surfaces  (,'s  are  the  penetrant 
concentrations  corresponding  to  p,  's.  r,‘ s  are  the  ga~  phase  resistances  to  mass  transfer,  and  T>  is 
the  average  diffusion  coefficient  in  the  polymer  film  defined  as 


/•<»/>(  c  IdC 

75  -  - — 

-  r, 

It  is  assumed  that  an  apparent  solubility  coefficient  S  can  fie  used  to  relate  the  gas  pressure  and 
its  concentration  in  the  polymer,  i  e  .  (  =  S/>  Kor  simplicity,  N  will  tie  assumed  to  Ik-  constant  since 
we  are  only  interested  in  an  order  of  magnitude  estimate  here  Kquation  lA!  I  can  be  simplified 
to  the  following  form: 


\/ST)  +  (r,  +  rp/L 

Assuming  molecular  diffusion  dominates  in  the  gas  phase  boundary  layer  and  the  convection  term 
is  negligible,  then 

r i  =  b\7.\RT/l)t\  and  r2  =  b^Z-jR T/I)ti 

where  6, 's  are  the  thickness  of  the  gaseous  films,  /.,  s  are  the  compressibilities  of  the  gases.  R  is  the 
universal  gas  constant.  T  is  the  gas  temperature,  and  l>„.' s  are  the  diffusion  coefficients  in  the  gas 
phase 

Kor  the  present  system,  the  following  set  of  numbers  are  believed  to  correspond  to  the  worst  case. 
6i  =  0.25  cm.  b2  •  0.25  cm  l)t:  -  I  OA  -  ,1  cm-'/s.*  [)f]  =  I  .OF  -  1  cm!/s,'  7:  =  0  9.  7.  i  =  0  9b.  T  - 
dHO  K .  A  “  0.3  mil  I’nder  these  conditions,  the  combined  resistance  of  the  gas  phases  can  be  cal 
culated  using  the  denominator  of  eq  I  A2l. 

r  i  +  r.  _  t  cm  Hg  cm-’  s 
L  cm'fSTI’fcm 

However,  for  systems  under  consideration  in  this  paper,  the  following  numbers,  which  correspond 
to  the  resistance  of  the  polymer  phase  are  typical  lor  CO.,  and  CH«.  respect ivelv 

1  ,  cm  Hg  cm-’  s 

—  =  2  bA9 - ! - 

SI)  cm  '  iSl  I’l  cm 

1  cm  Hg  cm-  s 

SD  cm’lSTf’lcm 

Apparently,  concentration  polarization  is  negligible  under  these  conditions  since  the  resistance 
associated  with  the  polymer  film  is  close  to  llHi  !(►’  times  larger  than  those  of  the  gaseous  films  even 
under  the  rather  thick  boundary  laver  conditions  assumed 


APPENDIX  B.:  A  SECANT  METHOD  USED  FOR  EVALUATING 
THE  EFFECTIVE  LOCAL  DIFFUSION  COEFFICIENT  Dr„  IN 


As  pointed  out  in  the  Results  and  Discussion  section,  eq  IM  is  useful  for  determining  the  con 
centration  dependence  of  an  effective  diffusion  coefficient  l>, u  without  referring  to  any  specific 
diffusion  model  other  than  Rick’s  law  At  steads  state,  eq  (M  can  he  integrate  d  to  give 


(Bl) 


*  Estimated  from  Eqs  (11-4  D  and  <  1 1  -fi  in  ref  l?? 
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Hnd  hence 

-  /),««';•>  (H2) 

I  -  <  . 

where  I)rid('ji  is  the  effective  diffusion  coefficient  at  concentration  Cj.  C,  s correspond  to  the  pen 
etrant  concentrations  in  the  membrane  at  the  upstream  and  downstream  surface  positions,  and  A' 
is  the  measured  permeation  flux  at  steady  state  A  series  of  experimental  values  of  A'  measured 
at  upstream  pressures  p/s  are  tabulated  with  the  corresponding  upstream  sorhed  concentrations 
(  Vs  obtained  from  sorption  isotherms.  According  to  eq.  (B2),  the  effective  diffusion  coefficient 
/), n  at  any  concentration,  say  «/.  can  be  evaluated  by  talcing  the  derivative  of  N  at  a/  multiplied 
by  I. . 

In  order  to  evaluate  the  slope  of  Cj  vs.  A'  at  f'g  =  07.  a  plot  of  (d,  -  d/ )/(<«,  -  a/)  vs  C  2  is  prepared, 
where  1  *  /.  and  c»,‘s  and  ft'r  are  experimental  numerical  values  of  C2  and  A',  respectively.  The 
slope  at  x /  can  then  be  read  directly  from  the  plot,  or  a  regression  algorithm  may  be  used  to  determine 
the  best  fit  curve  and  from  that  relation  the  slope  at  0/  can  be  calculated  This  method  is  useful 
and  introduces  little  bias  when  no  abrupt  changes  in  the  slopes  are  present  in  the  original  data  In 
the  present  case,  the  relationship  hetween  N  and  C2  ls  smooth  and  the  incremental  changes  in  both 
S  and  ('2  are  relatively  small,  so  the  resultant  values  for  /),„  should  be  quite  accurate 

APPENDIX  C:  PROPAGATION-OF-ERRORS  ANALYSIS 

A  propagation-of-errors  analysis  was  performed  to  estimate  the  experimental  uncertainties  of 
the  reported  permeability  data.  It  was  found  that  roughly  905  of  the  error  was  contributed  by 
uncertainties  associated  with  (i)  film  thickness,  (ii)  concentration  of  the  calibration  gas,  (iii)  con¬ 
centration  of  the  feed  gas.  (ivi  effective  permeation  area.  and.  for  lower  pressure  measurements.  (v> 
upstream  pressure 

Errors  of  the  measured  chromatogram  areas  were  roughly  ±0.5  and  ±  1  05  for  CO.,  and  CH«.  re¬ 
spectively.  The  errors  of  N2  flow  rate  and  the  upstream  penetrant  pressure  were  roughly  ±0.55 
and  ±0.5  psi,  respectively  Film  thickness  measured  by  micrometer,  optical  microscopy,  and  weighing 
agreed  within  0.01  mil;  this  was  assumed  to  represent  an  approximate  standard  error,  i.e..  ca.  ±3*5 . 
The  nominal  permeation  area  is  9.6  ±0.02  cm2,  but  the  effective  permeation  area  may  deviate 
somewhat  from  this  value  owing  to  errors  introduced  during  the  film  mounting  step  which  can  only 
be  estimated  to  be  ca  ±15.  The  concentration  of  the  feed  gas  was  determined  in  our  laboratory 
to  have  an  error  of  ± 15  The  error  associated  with  the  concentration  of  the  calibration  gas  was  not 
determined  in  our  laboratory  owing  to  equipment  limitations,  and  was  assumed  to  be  ±55  of  the 
assay  given  by  the  supplier 

Based  on  the  above  information,  the  standard  error  of  the  absolute  values  of  the  reported  per 
meabilities  can  be  estimated  For  example,  the  slundard  error  of  the  permeability  of  pure  CO.-  at 
26  psi  (absolute)  and  60°C  is  roughly  ±tiri,and  that  of  pure  CH4  at  27  psi  labsolulel  is  roughly  ±  10.7V 
At  580  psi  (absolutel  and  60°C.  the  errors  are  ±10.55  for  CO.- and  ±10  75  for  CH».  for  the  32.25 
CO2/CH4  mixture. 
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High  membrane  permselectivity  for  a  gas  mixture  is  well- 
known  to  correlate  with  low  permeability  of  the  desired 
product  through  the  membrane.  Exceptions  to  this  rule 
exist,  however,  and  this  suggests  the  possibility  of  im¬ 
proved  membranes  for  a  number  of  important  applications. 

This  paper  suggests  possible  polymer  structural  changes 
which  may  allow  control  over  the  magnitudes  of  perme¬ 
abilities  and  selectivities.  These  suggestions  result 
from  considering  the  permeability  and  selectivity  in 
terms  of  their  separate  thermodynamic  solubility  and 
kinetic  mobility  contributions.  The  two  contributions 
vary  markedly  with  changes  in  the  polymer  structure  and 
correlate  with  variations  in  penetrant  and  polymer 
physical  properties.  The  feasibility  of  developing  ex¬ 
tremely  selective  high  flux  membrane  materials  is  ex¬ 
plored  in  terms  of  these  correlations.  The  potential 
for  such  developments  is  shown  to  be  fairly  high  for 
cases  in  which  the  permeant  molecule  is  substantially 
more  compact  than  the  nonpermeant  molecule  if  the  re¬ 
sulting  mobility  advantage  is  not  eliminated  by  a  large 
solubility  advantage  favoring  the  nonpermeant.  Several 
important  examples  of  such  systems  are  discussed  includ¬ 
ing  H2/CH4  and  COt/CH^.  A  short  discussion  of  approaches 
to  assess  membrane  materials  for  resistance  to  attack  by- 
components  in  the  process  stream  is  also  presented. 

Introduction 

Membrane-based  gas  separations  have  emerged  as  important  chemical 
engineering  unit  operations  for  hydrogen  recovery  from  purge  and 
recycle  streams  (1-4)  ar.d  for  carbon  dioxide  and  water  removal  from 
natural  and  land  fill  gases  (5  -j?)  .  Using  asymmetric  structures  in 
high  surface  area  modules  permits  the  use  of  higher  selectivity, 
lower  permeability  glassy  polymers  in  the  pl3ce  of  rubbery  materials 
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The  first  generation  of  gas  separators  has  achieved  an  impres¬ 
sive  penetration  into  markets  traditionally  dominated  by  cryogenic, 
chemical  and  physical  sorption  processes.  Competition  from  these 
processes  is  strong.  Membranes  with  higher  permeabilities,  selec- 
tlvitles  and  resistance  to  penetrant  attack  are  required  to  meet 
challenges  from  these  traditional  processes  and  to  permit  expansion 
into  additional  application  areas. 

Although  no  consserclal  examples  exist  currently  in  the  gas 
separation  field,  thin  film  composite  membranes  sucb  as  those  pio¬ 
neered  by  Cadotte  and  co-workers  ( 10)  may  ultimately  permit  the  use 
of  novel  materials  with  unique  transport  properties  supported  on 
standard  porous  membranes.  Therefore,  the  focus  in  this  paper  will 
be  on  suggesting  a  basis  for  understanding  differences  in  the  per¬ 
meability  and  selectivity  properties  of  glassy  polymers.  Presumably 
if  such  materials  prove  to  be  difficult  to  fabricate  into  conven¬ 
tional  monolithic  asymmetric  structures,  they  could  be  produced  in 
a  composite  form.  Even  if  thin  film  composite  structures  are  used, 
however,  the  chemical  resistance  of  the  material  remains  an  impor¬ 
tant  consideration.  For  this  reason,  a  brief  discussion  of  this 
topic  will  be  offered. 

Typically,  membrane  research  efforts  focus  upon  the  determi¬ 
nation  of  the  permeability  and  selectivity  of  candidate  polymers 
without  explicit  consideration  of  the  solubility  and  mobility  terms 
comprising  the  permeability  (11-13) .  This  approach  is  reasonably 
effective  for  screening  available  polymers  for  a  particular  appli¬ 
cation  but  not  optimiB  for  providing  guidelines  to  improve  membrane 
performance  by  scientific  alteration  of  the  polymer  structure.  More 
over,  it  may  lead  one  to  an  overly  pessimistic  view  of  the  selec¬ 
tivity  and  permeability  properties  achievable  as  a  result  of  poly¬ 
mer  structural  variations.  As  an  adjunct  to  this  typical  approach, 
correlations  of  the  penetrant  diffusion  coefficients  and  solubili¬ 
ties  with  the  physical  and  chemical  natures  of  the  polymers  and 
penetrants  will  be  discussed.  These  correlations  rationalize  the 
generally  observed  relationship  between  high  selectivity  and  low 
permeability.  They  also  provide  a  partial  basis  for  understanding 
reports  of  several  deviant  cases  in  which  high  selectivity  and 
permeability  are  observed  for  H2/CH<,  and  COj/CH^  systems.  It  is 
these  deviant  cases  that  &.  »>  lead  the  way  to  a  new  generation  of 
more  productive  and  selective  membranes. 


Background  and  Theorv 


One-dimensional  diffusion  through  a  flat  membrane  will  be  treated  in 
the  following  discussion.  The  effects  of  membrane  asynsaetry  will  be 
neglected  since  the  process  of  perraselection  occurs  in  the  thin 
dense  layer  of  effective  thickness,  i,  at  the  membrane  surface.  In 
such  a  case,  the  expression  for  the  local  flux  of  a  penetrant  at 
any  point  in  the  dense  layer  can  be  written  as  shown  in  Equation 

1  (14): 


N 


(1) 


where  the  diffusion  coefficient,  D,  may  be  a  function  of  local  con¬ 
centration,  C,  in  the  mmbrane.  The  diffusion  coefficient  may  be 
interpreted  in  terms  of  a  preexponential  factor,  D®,  and  an  expo¬ 
nential  tern  that  depends  upon  the  activation  energy  for  the  dif¬ 
fusion  process,  E  (14) . 
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To  a  first  approximation,  Eq  is  the  average  energy  that  must  be 
localized  next  to  the  penetrant  to  generate  an  opening  large  enough 
to  permit  the  molecule  to  execute  a  jump.  If  concentration  depend¬ 
ence  of  the  diffusion  coefficient  exists,  both  De  and  Ep  may  be 
functions  of  the  amount  of  penetrant  present.  At  low  concentrations, 
the  activation  energy  should  be  related  strongly  to  the  minimum  cross 
section  of  the  penetrant,  since  this  defines  the  critical  opening 
size  necessary  for  a  jump  to  occur.  The  large  effect  on  molecular 
mobility  caused  by  differences  in  penetrant  size  or  shape  is  illus¬ 
trated  in  Figure  1  for  a  typical  rubbery  and  glassy  polymer,  respec¬ 
tively.  The  larger  nonspherical  penetrants  tend  to  approach  a  pla¬ 
teau  diffusivity  because  the  cross-sectional  area  of  the  molecule  as 
well  as  its  volume  determine  its  ability  to  find  a  gap  of  sufficient 
size  to  permit  a  jump.  Presumably,  nonspherical  penetrants  move  in 
a  somewhat  oriented  fashion,  and  the  individual  jump  lengths  may  be 
only  fractions  of  the  total  length  of  the  molecule.  Associated  with 
the  more  highly  restrictive  glassy  environment  comes  a  greater  abili¬ 
ty  to  perform  size  or  shape  discrimination  between  penetrants.  This 
difference  between  the  glassy  and  rubbery  state  is  illustrated  clear¬ 
ly  by  the  much  larger  spread  in  diffusion  coefficients  in  the  glassy 
polymer  compared  to  the  rubbery  one.  Recognition  of  the  preceding 
facts  often  leads  to  the  generalization  that  low  membrane  permeabil¬ 
ity  is  necessary  for  high  selectivity.  Although  the  two  generally 
correlate,  there  appear  to  be  attractive  exceptions  to  the  rule  that 
are  worthy  of  serious  investigation  (11,13) . 

The  permeability  of  a  membrane  to  a  penetrant  is  defined  by 
Equation  3: 


N  l 
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where  p->  and  p^  are  the  upstream  and  downstream  pressures  of  the  com¬ 
ponent  acting  across  the  effective  membrane  thickness,  l.  Clearly, 
the  permeability  of  the  membrane  is  not  only  determined  by  the  mobi¬ 
lity  of  the  penetrant  discussed  above  but  also  by  its  solubility,  be¬ 
cause  the  higher  the  solubility  difference  across  the  membrane,  the 
higher  will  be  the  observed  flux  and  permeability.  The  contributions 
of  the  two  factors  can  be  seen  clearly  for  the  case  where  the  down¬ 
stream  pressure,  p^,  is  negligible.  Substituting  Equation  1  into 
Equation  3  and  integrating  leads  to  Equation  5: 
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where  D  •  — -  '  defines  an  average  measure  of  the  pene- 

/  f  ^2  dC  I  trant's  mobility  in  the  membrane  between 

1/  I  the  upstream  concentration,  C2.  and  dovn- 

\°  /  stream  concentration,  Q4) .  The  para¬ 

meter,  S  *  C2/P2.  equal  to  the  secant  slope  of  the  sorption  iso¬ 
therm  evaluated  at  the  upstream  conditions,  is  a  measure  of  the 
solubility  of  the  penetrant  in  the  membrane.  The  mobility  factor 
in  Equation  5  is  kinetic  in  nature  and  largely  determined  by  poly¬ 
mer-penetrant  dynamics  as  discussed  in  the  context  of  Equation  2. 
The  solubility  factor  in  Equation  5  is  thermodynamic  in  nature  and 
is  determined  by  polymer-penetrant  Interactions  and  the  amount  of 
excess  Interchain  gaps  existing  in  the  glassy  polymer  (17) . 

When  the  downstream  pressure,  p^,  is  negligible  compared  to 
the  upstream  pressure,  P2,  the  separation  factor,  0^,  defined  by 
Equation  6  can  be  related  to  the  ratio  of  the  permeabilities  of  com 
ponents  A  and  B  U8)  as  shorn  in  Equation  7: 
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where  x^'s  and  yj's  are  the  local  mole  fractions  of  components  A 
and  B  at  the  upstream  and  downstream  membrane  faces,  respectively. 
The  superscript  *  in  Equation  7  Indicates  that  o*  is  the  so-called 
"ideal  separation  factor"  which  applies  under  the  conditions  de¬ 
scribed  above.  The  ratio  of  the  component  permeabilities  in  such  a 
case  provides  a  useful  measure  of  the  intrinsic  permselectivity  of 
a  membrane  material  for  mixtures  of  A  and  B. 

When  the  Interaction  between  one  penetrant  and  the  polymer  is 
not  affected  by  the  presence  of  another  penetrant,  the  pure-com¬ 
ponent  permeabilities  of  c  'vo  penetrants  in  the  mixture  can  be 
used  in  Equation  7.  For  rubbery  polymers  at  low  penetrant  partial 
pressures,  this  assumption  of  independent-permeation  appears  satis¬ 
factory  (19-20) .  It  does  not,  however,  appear  to  hold  in  general 
for  glassy  polymer  membranes  (12,13,21-25) .  Moreover,  it  also  has 
been  shown  that  plasticization  of  both  rubbery  (26)  and  glassy  (27) 
polymers  can  occur  at  higher  penetrant  activities. 

Based  on  the  recent  study  of  the  permeabilities  of  Kapton  polyi 
mide  to  CO2/CH4  mixtures  (21 , 22) ,  it  is  expected  that  for  systems 
which  can  be  described  by  the  generalized  dual  mode  model  Q7),  the 
permeability  ratio  of  CO2  over  CH4  in  a  mixture  can  be  approximated 
to  within  about  20*  by  using  the  respective  pure  component  perme¬ 
abilities.  Consequently,  for  the  present  general  discussion,  pure- 
component  values  will  be  used  in  Equation  7  in  the  following  sec¬ 
tions  for  discussing  this  important  system. 


Discussion 


General  Considerations.  Representative  CO2  permeabilities  for  sev¬ 
eral  glassy  polymers  at  35  C  are  plotted  as  a  function  of  the  up¬ 
stream  penetrant  pressure  in  Figure  2  (8).  Except  for  cellulose 
acetate,  the  permeabilities  decrease  monotonically  with  upstream 
pressure,  consistent  with  the  dual  mode  model  predictions  (17) .  The 
behavior  of  cellulose  acetate  in  terms  of  plasticization  arguments 
will  be  addressed  in  a  later  section.  The  ideal  separation  factors 
for  CO2/CH4  at  20  atm,  calculated  using  the  pure-component  perme¬ 
abilities,  are  plotted  in  Figure  3  versus  the  solubility  parameters 
of  the  various  polymers.  The  solubility  parameters  of  polymers 
(28-32)  and  the  permeability  data  (5, .6.22-35)  were  taken  from  a 
number  of  sources.  A  simple  interpretation  of  Figure  3  might  be 
that  the  higher  intersegmental  interactions  associated  with  high 
solubility  parameter  polymers  create  a  mobility  selecting  environ¬ 
ment  by  making  it  more  difficult  to  form  a  transient  gap  of  suffi¬ 
cient  size  to  pass  a  bulky,  spherical  CH4  molecule  compared  to  a 
streamlined,  linear  CO2  molecule.  As  illustrated  in  later  discus¬ 
sion  of  the  separate  mobility  and  solubility  factors  in  Equation  5, 
this  argument  based  solely  on  mobility  selectivity  appears  to  be 
oversimplified.  Especially  in  the  case  of  cellulose  acetate,  it 
will  be  shown  that  solubility  considerations  are  of  considerable 
importance . 

Examination  of  Figures  2  and  3  supports  the  previous  observa¬ 
tion  that  low  permeability  and  high  selectivity  are  generally  re¬ 
lated.  For  example,  the  CO2  permeability  of  poly (phenylene  oxide) 
(PPO)  is  over  twelve  times  higher  than  that  of  polysulfone,  but  its 
CO2/CH4  selectivity  is  less  than  half  that  of  polysulfone.  Kapton, 
on  the  other  hand,  is  over  twenty-five  times  less  permeable  to  C02 
than  polysulfone,  yet  its  CO2/CH4  selectivity  is  more  than  twice  as 
high  as  that  of  polysulfone. 

Such  trends  suggest  that  increases  in  permselectivity  could  be 
achieved  by  substituting  a  polar  or  hydrogen-bonding  group  on  the 
phenylene  ring  of  PPO  to  increase  its  cohesive  energy  density  at 
the  expense  of  its  high  C02  permeability.  Alternatively,  one  could 
introduce  irregularities  into  the  Kapton  backbone  through  the  use  of 
one  or  more  comonomers  along  with  the  standard  bis-4 (arainophenyl 
ether)  used  as  the  diamine  in  Kapton  production.  Such  modifications 
should  inhibit  packing  and  thereby  lower  the  effective  cohesive 
energy  density.  This  "opening  up"  of  the  polymer  structure  would 
tend  to  markedly  increase  the  CO2  permeability  but  on  the  basis  of 
Figure  3,  may  also  reduce  the  selectivity.  These  concepts  are  de¬ 
rivative  of  those  pioneered  by  H.  Hoehn  of  DuPont  in  his  work  on  the 
development  of  reverse  osmosis  membranes  from  aromatic  polyamides 
(36). 


Solubility  and  Diffusivitv  Considerations.  The  preceding  general 
discussion  has  been  largely  conjectural  in  terms  of  the  specific 
reasons  for  the  relationship  between  variations  in  the  cohesive  en¬ 
ergy  density  and  variations  in  the  cohesive  energy  density  and  vari¬ 
ations  in  selectivity  and  permeability.  To  pursue  these  issues  in  a 
more  quantitative  fashion,  it  is  useful  to  consider  the  separate 


solubility  and  mobility  corn r ibut i onw ,  E  and  3.  (or  the  various  poly- 
tiers  shown  In  Figure  3. 

The  sorption  isotherms  for  most  gases  in  glass  polymers  tend  to 
have  concave  shapes  like  those  shown  In  Figure  4.  As  a  result,  the 
apparent  solubility  (S  ■  C2/p2)  1*  *  decreasing  function  of  the  up¬ 
stream  penetrant  pressure.  On  the  other  hand,  the  diffusion  coef¬ 
ficients,  D,  of  gases  In  glassy  polymers  typically  increase  with 
sorbed  concentration  even  in  the  absence  of  plasticization  (17) . 

Such  Increases  are  moderate  for  all  of  the  materials  In  Figure  2  ex¬ 
cept  cellulose  acetate  and  can  be  explained  In  terms  of  saturation 
of  excess  volume  In  the  polymer  as  concentration  Increases.  Strong 
plasticization,  on  the  other  hand,  produces  dramatic  upswings  in  the 
apparent  mobility  as  appears  to  be  the  case  with  cellulose  acetate. 
The  observed  pressure  dependence  of  the  permeabilities  shown_in 
Figure  2  are  the  net  result  of  these  two  effects  related  to  D  and  S. 
In  the  case  of  cellulose  acetate,  the  sorption  isotherm  for  CO2  has 
the  same  tvpe  of  concave  shape  as  shown  in  Figure  4,  so  a  sharp  in¬ 
crease  in  D  apparently  overpowers  the  effect  of  the  decreasing  ap¬ 
parent  solubility  coefficient.  The  reason  for  cellulose  acetate's 
greater  tendency  to  be  plasticized  compared  to  the  other  polymers  in 
Figure  2  is  currently  not  well  understood.  Since  plasticization 
tends  to  produce  a  more  rubbery  material,  it  is  to  be  expected  that 
selectivity  losses  may  attend  the  large  upswing  in  C02  permeability, 
but  no  published  data  are  available  to  corroborate  this  suggestion. 

The  apparent  solubilities  and  average  diffusivities,  S  and  D, 
for  C02  and  CH4  in  a  number  of  glassy  polymers  at  30°C  and  20  atm  are 
shown  in  Table  I.  The  values  reported  for  cellulose  acetate  were 
estimated  iron  various  sources  in  the  literature  (3.6.37) .  In  the 
case  of  cellulose  acetate  where  C02  plasticization  is  apparently 
significant,  it  was  assumed  that  the  CH4  permeability  in  CO2/CH4 
mixtures  will  increase  by  at  least  the  same  percentage  as  the  CO2 
permeability.  This  assumption  seems  reasonable  since  the  plasticized 
matrix  becomes  more  rubber-like  and  less  discriminating  for  pene¬ 
trants  of  different  sizes  and  shapes  (see  Figure  1). 

According  to  Equation  7,  the  ratio  of  permeabilities  is  given 
by  Equation  8  after  substitution  from  Equation  3  for  components  A 
and  B: 
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Equation  8  demonstrates  that  the  ideal  separation  factor  can  be  sepa¬ 
rated  into  a  so-called  "solubility  selectivity",  [SA/SgJ,  and  a 
"mobility  selectivity",  lDA/Dg] .  These  two  ratios  are  also  reported 
in  Table  I.  Evidently,  the  contribution  of  the  "mobility  selectiv¬ 
ity"  is  the  dominant  factor  for  all  of  the  polymers  considered  ex¬ 
cept  cellulose  acetate  in  which  the  opposite  is  observed.  The  CO2 
plasticization  tendency  of  cellulose  acetate  may,  in  fact,  be  re¬ 
lated  to  this  polymer's  apparent  high  “solubility  selectivity". 
Clearly,  the  available  data  do  not  Justify  more  than  a  tentative  sug¬ 
gestion  at  this  point  that  high  "solubility  selectivity"  6uch  as 
that  seen  in  cellulose  acetate  may  be  associated  with  a  tendency  to 
be  plasticized  with  a  subsequent  loss  in  glass-like  selectivity. 

More  detailed  sorption  and  diffusion  measurements  using  a  single 


preclude  the  need  to  rely  upon  aobility  regulating  mechanisms  to  aid 
In  the  separation  process.  This  Is  the  basis  for  solvent  extraction 
and  liquid  aembrane  systems.  The  problems  and  considerations  in  such 
cases  are  quite  different  from  those  in  standard  bulk  polymer  systems 
and  will  not  be  discussed  here. 

Manipulation  of  the  structure  of  standard  bulk  polymers  to  alter 
their  aoblllty  selectivity  can  be  guided  somewhat  by  correlations 
such  as  those  shown  in  Figures  6  and  7.  Figure  6  shows  a  correlation 
of  D  for  various  penetrants  in  a  number  of  different  glassy  polymers. 
The  correlating  variable,  the  kinetic  diameter  of  the  gas,  is  related 
to  the  zeolite  window  dimension  that  will  just  permit  passage  of  the 
penetrant  of  Interest  09) .  For  molecules  that  are  essentially 
spherical,  such  as  methane,  argon  and  helium,  this  dimension  is  simi¬ 
lar  to  the  Lennard-Jones  diameter.  For  asymmetric  molecules  such  as 
carbon  dioxide  and  nitrogen,  however,  the  kinetic  diameter  corre¬ 
sponds  more  closely  to  the  minimum  diameter  of  the  molecule.  This 
figure  shows  clearly  the  extremely  strong  effect  on  the  penetrant 
mobility  caused  by  small  differences  in  minimum  penetrant  diameter. 

A  difference  of  less  than  1.5  A  distinguishes  the  kinetic  diameters 
of  helium  and  methane;  however,  there  is  almost  three  orders  of  mag¬ 
nitude  difference  in  their  mobility  in  polycarbonate.  The  spread  in 
the  various  diffuslvlty  values  for  a  given  penetrant  in  different 
polymers  can  be  partially  understood  in  terms  of  Figure  7.  This 
figure  shows  the  effects  of  variations  in  the  specific  volume  of  the 
polymer  on  the  observed  diffusion  coefficients,  D.  While  this  cor¬ 
relation  is  useful  and  intuitively  satisfying,  it  undoubtedly  over¬ 
simplifies  the  true  differences  in  molecular-scale  environments 
sampled  by  a  penetrant  as  it  moves  through  the  polymers.  The  tend¬ 
ency  for  glassy  polymers  to  exhibit  local  variations  in  the  amount 
and  distribution  of  molecular  scale  lntersegmental  gaps  trapped  dur¬ 
ing  the  quenching  process  from  the  rubbery  state  has  been  discussed 
in  detail  (17) .  Nevertheless,  the  correlation  in  Figure  7  is  useful 
in  depicting  relative  differences  between  extremes  such  as  that  re¬ 
presented  by  the  highly  open  PPO  environment  and  the  rather  compact 
Kapton  environment.  It  is  clear  that  the  mobility  selectivity  is 
substantially  higher  for  Kapton  than  for  PPO.  The  ratios  of  the  ap¬ 
parent  diffuslvities  of  CO2  and  CH4  increase  from  6.9  for  PPO  to  15.4 
for  Kapton;  however,  the  permeability  for  CO2  drops  by  more  than  two 
hundred  fold  in  going  from  PPO  to  Kapton.  Such  a  dramatic  penalty 
in  productivity  certainly  tends  to  confirm  the  general  point  of  view 
that  one  cannot  have  both  high  selectivity  and  high  productivity  in 
the  same  membrane  material. 

Fortunately,  encouraging  exceptions  to  such  a  point  of  view  can 
be  found  in  the  literature  for  both  H2  / CH^  and  CO2/CH4  systems 
(11_,1_3).  These  studies  suggest  the  possibility  of  increasing  the 
product  permeability  while  maintaining  or  even  increasing  selectiv¬ 
ity  by  proper  design  of  the  polymer  molecular  architecture.  Examples 
of  such  exceptional  polymers  are  given  in  Table  II.  Polymers  A  and 
B  are  generically  classified  as  polyimides  and  were  formed  by  con¬ 
densation  of  4,4'-  hexaf luoroisopropylidene  diphthallc  anhydride 
with  3,5-diaoinobenzoic  acid  and  with  1 ,5-dlaminonaphthalene ,  re¬ 
spectively  (13) .  Note  that  the  high  permselectivitles  of  polymers 
A  and  B  are  consistent  with  correlations  such  as  that  in  Figure  3/ 
since  polyimides  typically  exhibit  high  coehesive  energies  simlla^ 


preclude  the  need  to  rely  upon  mobility  regulating  mechanisms  to  aid 
in  the  separation  process.  This  Is  the  basis  for  solvent  extraction 
and  liquid  membrane  systems.  The  problems  and  considerations  in  such 
cases  are  quite  different  from  those  In  standard  bulk  polymer  systems 
and  will  not  be  discussed  here. 

Manipulation  of  the  structure  of  standard  bulk  polymers  to  alter 
their  mobility  selectivity  can  be  guided  somewhat  by  correlations 
such  as  those  shown  In  Figures  6  and  7.  Figure  6  shows  a  correlation 
of  D  for  various  penetrants  In  a  number  of  different  glassy  polymers. 
The  correlating  variable,  the  kinetic  diameter  of  the  gas,  16  related 
to  the  zeolite  window  dimension  that  will  just  permit  passage  of  the 
penetrant  of  Interest  (39).  For  molecules  that  are  essentially 
spherical,  6uch  as  methane,  argon  and  helium,  this  dimension  is  simi¬ 
lar  to  the  Lennard-Jones  diameter.  For  asymmetric  molecules  such  as 
carbon  dioxide  and  nitrogen,  however,  the  kinetic  diameter  corre¬ 
sponds  more  closely  to  the  minimisa  diameter  of  the  molecule.  This 
figure  shows  clearly  the  extremely  strong  effect  on  the  penetrant 
mobility  caused  by  small  differences  in  minimum  penetrant  diameter. 

A  difference  of  less  than  1.5  A  distinguishes  the  kinetic  diameters 
of  helium  and  methane;  however,  there  is  almost  three  orders  of  mag¬ 
nitude  difference  In  their  mobility  In  polycarbonate.  The  spread  in 
the  various  diffusivity  values  for  a  given  penetrant  in  different 
polymers  can  be  partially  understood  In  terms  of  Figure  7.  This 
figure  shows  the  effects  of  variations  in  the  specific  volume  of  the 
polymer  on  the  observed  diffusion  coefficients,  D.  While  this  cor¬ 
relation  Is  useful  and  intuitively  satisfying,  it  undoubtedly  over¬ 
simplifies  the  true  differences  in  molecular-scale  environments 
sampled  by  a  penetrant  as  It  moves  through  the  polymers.  The  tend¬ 
ency  for  glassy  polymers  to  exhibit  local  variations  in  the  amount 
and  distribution  of  molecular  scale  lntersegmental  gaps  trapped  dur¬ 
ing  the  quenching  process  from  tbe  rubbery  state  has  been  discussed 
in  detail  (1J7)  •  Nevertheless,  the  correlation  in  Figure  7  is  useful 
in  depicting  relative  differences  between  extremes  such  as  that  re¬ 
presented  by  the  highly  open  PPO  environment  and  the  rather  compact 
Kapton  environment.  It  is  clear  that  the  mobility  selectivity  is 
substantially  higher  for  Kapton  than  for  PPO.  The  ratios  of  the  ap¬ 
parent  diffusivities  of  CO2  and  CH4  Increase  from  6.9  for  PPO  to  15.4 
for  Kapton;  however,  the  permeability  for  CO2  drops  by  more  than  two 
hundred  fold  in  going  1  PP0  to  Kapton.  Such  a  dramatic  penalty 
in  productivity  certainly  tends  to  confirm  the  general  point  of  view 
that  one  cannot  have  both  high  selectivity  and  high  productivity  in 
the  same  membrane  material. 

Fortunately,  encouraging  exceptions  to  such  a  point  of  view  can 
be  found  in  the  literature  for  both  H2  /CH^  and  CO2/CH4  systems 
(l_l,lji).  These  studies  suggest  the  possibility  of  increasing  the 
product  permeability  while  maintaining  or  even  increasing  selectiv¬ 
ity  by  proper  design  of  the  polymer  molecular  architecture.  Examples 
of  such  exceptional  polymers  are  given  in  Table  II.  Polymers  A  and 
B  are  generically  classified  as  polyimides  and  were  formed  by  con¬ 
densation  of  4,4'-  hexaf luoroisopropylidene  diphthalic  anhydride 
with  3,5-diaminobenzoic  acid  and  with  1,5-diaminonaphthalene,  re¬ 
spectively  (H) .  Note  that  the  high  permselect ivi  ties  of  polymers 
A  and  B  are  consistent  with  correlations  such  as  that  in  Figure  3, 
since  polyimides  typically  exhibit  high  coehesive  energies  similar 


to  Kapton.  Surprisingly,  however,  both  polymers  A  and  B  exhibit 
not  only  the  expected  high  selectivities  but  also  permeabilities 
that  are  markedly  higher  than  those  of  cellulose  acetate  or  poly- 
sulfone. 

A  similarly  encouraging  exception  to  the  general  trend  in  selec¬ 
tivity  and  productivity  is  found  in  the  poly(aryl  ether)  family  to 
which  the  standard  polysulfone  material  belongs.  Polymers  C  and  D 
in  Table  II  are  also  classified  as  polysulfones  and  are  referred  to 
as  poly (tetraroethyl  bls-A  sulfone)  and  poly (tetramethyl  bis-L  sul- 
fone),  respectively  (11^).  One  would  have  overlooked  this  group  of 
materials  if  an  oversimplified  correlation  such  as  that  shown  in 
Figure  3  were  the  only  guideline  used  in  candidate  selection.  As 
shown  in  Table  II,  polymers  C  and  D  are  roughly  five  and  fifteen 
times  respectively  more  permeable  to  CO2  than  standard  polysulfone. 
The  COj/CH^  selectivities  of  these  two  polymers  are  roughly  2.4  and 
0.9  tiroes  respectively,  that  of  standard  polysulfone. 

In  both  the  polyimides  and  the  aryl  ether  cases,  the  backbones 
are  comprised  of  bulky  structures  that  resist  compact  packing  of 
segments.  The  intersegmental  separations  in  these  rigid  bulky  poly¬ 
mers  may  be  large  enough  to  permit  relatively  free  movement  of  pene¬ 
trants  helow  a  certain  critical  size.  On  the  other  hand,  the  sepa¬ 
rations  may  be  small  enough  and  local  chain  motions  restricted  enough 
to  provide  a  substantial  size-  and  shape-discriminating  ability  for 
slightly  less  compact  molecules.  Although  solubility  and  diffusiv- 
ity  data  are  not  available  for  these  materials,  the  above  interpre¬ 
tation  appears  to  be  reasonable.  In  the  case  of  polymer  D,  the  pre¬ 
sence  of  the  flexible  cycloalkyl  group  presumably  offsets  the  stif¬ 
fening  effect  due  to  methylation  and  the  selectivity  is  actually 
slightly  lower  than  that  of  standard  polysulfone.  Pilato  et  al  (11) 
suggested  that  densities  of  polymers  C  and  D  (1.15  and  1.10  g/cc, 
respectively)  compared  to  standard  polysulfone  (1.24  g/cc)  results 
in  the  higher  permeabilities  of  these  complex  sulfones  compared  to 
the  standard  material.  Such  a  suggestion  ie  clearly  consistent  with 
the  trends  shown  in  Figure  7. 

The  preceding  observations  suggest  that  a  loosely  packed  glassy 
polymer  with  sufficient  cohesive  energy  and  a  rigid  plasticization- 
resistant  backbone  is  conducive  to  both  high  flux  and  high  selec¬ 
tivity.  Following  this  conclusion,  even  without  synthesizing  generi- 
cally  new  polymers,  relatively  high  permeabilities  and  selectivities 
may  be  achievable  by  structural  modifications  of  poly (aryl  ethers) 
polyimides,  polyamides,  polycarbonates,  polyesters  and  polyurethanes. 

Environmental  Factors.  Clearly,  discovery  of  an  extraordinarily  per¬ 
meable  and  selective  material  that  can  survive  only  weeks  or  months 
in  the  required  operating  environment  will  be  unacceptable.  The 
present  brief  discussion  suggests  approaches  to  consider  in  evaluat¬ 
ing  environmental  challenges  to  a  candidate  material.  Such  tests 
should  be  performed  in  parallel  with  detailed  sorption  and  transport 
measurements  soon  after  a  candidate  material  is  found  to  have  de¬ 
sirable  selectivity  and  permeability  properties. 

Complex  stress  distributions  can  exist  in  quenched  glassy  poly¬ 
mers  and  can  make  them  subject  to  microscopic  failure.  This  is  es¬ 
pecially  true  in  the  presence  of  thermal  and  penetrant  level  cycling 
because  surface  layer  expansion  can  induce  substantial  tensile 
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stresses.  Under  tensile  stresses,  many  glassy  polymers  develop  a 
dense  network  of  fine  surface  cracks  or  "crazes".  Load  bearing  fi¬ 
brils,  composed  of  bundles  of  chains,  and  having  void  volumes  In  the 
50/.  range  (40),  traverse  the  crazes.  The  basic  sorption  and  trans¬ 
port  properties  of  such  a  material  are  drastically  changed  with  es¬ 
sentially  complete  loss  of  selectivity  In  the  crazed  region. 

A  simple  method  for  evaluating  the  stress  cracking  tendency  of 
materials  by  environmental  agents  can  be  used  as  a  screening  test. 

The  test  sample  is  used  in  the  form  of  a  cantilevered  beam  loaded 
with  a  weight  as  shown  in  Figure  8  (41).  By  exposing  the  sample  to 
a  test  environment  containing  various  partial  pressures  of  agents 
such  as  CO2,  and  1^0,  the  potential  for  stress-cracking  of  the 
polymer  can  be  determined  in  a  quantitative  manner.  Because  the 
stress  in  the  bar  varies  from  the  maximum  at  the  clamped  end  to  zero 
at  the  free  end,  a  stress-cracking  agent  will  cause  cracking  down  to 
the  point  where  the  stress  is  insufficient  to  produce  a  local  fail¬ 
ure  of  the  secondary  bonds  between  polymer  segments.  This  test  can 
be  performed  as  a  function  of  temperature  as  well  as  composition  to 
identify  operating  conditions  where  potential  problems  can  be  anti¬ 
cipated.  The  critical  stress,  Sc,  is  calculated  from  Equation  9 
where  F  is  the  total  force  applied  (clip  plus  weight),  L  is  the  dis¬ 
tance  along  the  bar  between  the  free  end  and  the  stress  crack  closest 
to  it.  The  dimensions  b  and  d  are  the  width  and  thickness  of  the  bar 
in  Figure  8. 
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The  surface  crazes  observed  are  typically  on  the  order  of  a  micron  in 
depth,  so  the  entire  sample  bar  thickness  does  not  to  be  invaded  for 
the  test  to  be  useful.  Even  rather  large  molecules  can  penetrate  to 
the  depth  of  a  micron  in  a  matter  of  hours  or  days,  and  smaller  mole¬ 
cules  like  CO ^  can  do  so  in  a  matter  of  minutes  or  seconds. 

True  chemical  attack,  as  opposed  to  the  above  physical  process 
of  crazing,  can  be  predicted  somewhat  on  the  basis  of  known  liability 
of  chain  backbone  groups.  For  example,  it  is  known  that  ester  link¬ 
ages  are  particularly  susceptible  to  hydrolytic  attack.  Imide  groups 
are,  on  the  other  hand,  q. hydrolytically  stable  but  are  subject 
to  aggressive  attack  by  Lewis  bases.  A  combined  infrared  spectro¬ 
scopic  and  gravimetric  sorption  study  has  been  used  to  follow  the 
progressive  attack  of  ammonia  on  the  imide  ring  of  Kapton  (42) . 

The  severity  of  the  attack  suggests  that  one  should  be  cautious  in 
using  materials  such  as  the  highly  selective  imides  in  Table  II  for 
separations  where  Lewis  bases  are  present. 

The  focus  of  this  paper  and  the  multiplicity  of  environment 
hazards  faced  by  a  candidate  membrane  material  make  it  impossible  to 
enumerate  specifics  in  greater  detail  than  that  discussed  above.  If 
strong  stress-cracking  tendencies  are  observed  in  the  tests  described 
above  (that  is,  low  values  of  Sc  observed),  plasticization  tendencies 
may  exist  for  the  polymer-penetrant  pair.  In  such  a  case,  care 
should  be  exercised  to  study  the  candidate  material  under  conditions 
that  include  the  roost  demanding  environment  anticipated  in  actual 
use. 
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There  appears  to  be  reasons  for  cautious  optimism  concerning  the  pos¬ 
sibility  of  developing  more  permeable  and  selective  membranes  in 
spite  of  the  general  inverse  relationship  between  these  two  vari¬ 
ables.  Control  of  chain  backbone  rigidity  and  intersegmental  pack¬ 
ing  density  may  provide  a  means  of  selectively  permitting  the  pas¬ 
sage  of  a  relatively  compact  permeant  molecule  while  substantially 
restricting  the  nonpermeant.  Reliance  on  solubility  selectivity  to 
provide  the  major  means  of  discriminating  between  gas  penetrants  in 
dense  polymer  films  may  be  less  promising.  Cellulose  acetate,  the 
only  material  considered  that  is  strongly  selective  for  CO2  compared 
to  CH^  on  the  basis  of  solubility,  appears  to  exhibit  a  strong  plas¬ 
ticizing  response  to  increasing  CO2  pressures.  Such  an  effect  is 
expected  to  further  reduce  the  mobility  selectivity  of  cellulose  ace¬ 
tate  and  thereby  cause  it  to  lose  overall  selectivity  as  CCh  partial 
pressure  increases.  A  similar  trend  may  be  observed  for  other  glassy 
materials  that  rely  strongly  upon  solubility  as  the  principal  basis 
for  its  selectivity,  however,  considerably  more  research  is  required 
before  this  tentative  conclusion  can  be  verified. 

A  correlative  approach  such  as  that  shown  in  Figure  3  for  the 
overall  selectivity  (or  permeability)  is  useful  in  some  senses  but 
insufficient  because  it  would  have  led  one  to  overlook  the  extremely 
interesting  family  of  poly(aryl  ethers)  which  in  some  cases  have  both 
high  selectivity  and  high  permeabilities.  A  detailed  analysis  of 
the  mobility  and  solubility  contributions  to  the  permeability  and 
selectivity  properties  of  an  homologous  series  of  candidate  materials 
can  be  extremely  valuable  in  membrane  material  selection.  Such  an 
approach  permits  one  to  assess  the  true  cause  of  changes  in  the  ob¬ 
served  permeability  and  selectivity  and  can  more  effectively  guide  a 
systematic  program  to  optimize  membrane  material  transport  properties 

Environmental  sensitivity  of  candidate  materials  must  be  asses¬ 
sed  under  conditions  of  temperature,  pressure  and  composition  that 
simulate  actual  usage.  Facilure  of  a  material  in  this  context  can 
severely  limit  the  range  of  applicability  of  a  membrane  that  other¬ 
wise  has  outstanding  properties. 


Acknowledgments 

The  authors  gratefully  acknowledge  support  of  this  work  under  NSF 
Grant  No.  CPE08319285  and  ARO  contract  No.  DAAG29-81-0039 .  Also 
Dr.  E.  S.  Sanders  is  acknowledged  for  providing  his  data  on  the  solu¬ 
bility  of  various  gases  in  PMMA  for  use  in  Fig.  5.  Ms.  Maxwell's 
assistance  in  typing  this  manuscript  is  also  acknowledged. 

Literature  Cited 

1.  Gardner,  R.  J.;  Crane,  R.  A.;  Hannan,  J.  F.  CEP  1977,  73,  11,  76. 

2.  Bollinger,  V.  A.;  MacLean,  D.  L. ;  Narayan,  R.  S.  CEP  1982,  78, 

10,  27. 

3.  Schell,  W.  J.;  Houston,  D.  D.  CEP  1982,  78,  10,  33  and  Hydro¬ 
carbon  Proces.  1982,  61,  9,  249. 

4.  Lane,  V.  0.  Hydrocarbon  Proces .  1983,  62,  8,  56. 


5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 
17. 


18. 

19. 

20. 
21. 
22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 


Mazur,  W.  H.;  Chan,  M.  C.  CEP  1982,  7B,  10.  38. 

Coady,  A.  B.;  Davis,  J.  A.  CEP  1982,  78.  10.  45. 

Schendel,  R.  L.;  Mariz,  C.  L.;  Mak,  J.  Y.  Hydrocarbon  Proces. 
1983,  62,  8.  58. 

Koros,  W.  J.  "Membrane-Based  Cas  Separations:  Data  Base  and 
Models  for  Classy  Polymers",  paper  presented  at  Sunrlver  Mem¬ 
brane  Conference,  Sunrlver,  Oregon,  September  1983. 

Koros,  W.  J.  "Cas  Separation  Technology",  International  Membrane 
Technology  Conference,  Sydney,  Australia,  November  1983. 

Cadotte,  J.  E.;  King,  R.  S.;  Majerle,  R.  J.,  Petersen,  R.  J. 

J.  Macromol .  Sci.-Chem.  1981,  A15,  725. 

Pilato,  L.;  Lltz,  L.;  Hargitay,  B.;  Osborne,  R.  C. ;  Farnham, 

A.;  Kawakaml ,  J.;  Fritze,  P. ;  McCrath,  J.  Polym.  Prepr.,  Am. 
Chem.  Scl.,  Dlv.  Polym.  Chea.  1975,  16.  41. 

McCandless,  F.  P.  14EC  Process  Des .  Develop.  1972,  11,  470. 

Pye,  D.  C.;  Hoehn,  H.  H.;  Panar,  M.  J.  Appl.  Polym.  Scl.  1976, 
20,  287. 

Crank,  J.  "The  Mathematics  of  Diffusion",  Clarendon,  Oxford 
Press,  2nd  Ed.,  1975. 

Van  Amerongen,  G.  J.  Rubber  Chem.  6  Techn.  1964,  37,  1065. 
Berens,  A.  R.  J.  Vinyl.  Technol.  1979,  1,  38. 

Chem,  R.  T. ;  Koros,  W.  J.;  Sanders,  E.  S.;  Chen,  S.  H.; 
Hopfenberg,  H.  B.  ACS  Symposium  Series  No.  233,  Industrial  Cas 
Separations,  Whyte,  T.  E.;  Yon,  C.  M.;  Wagner,  E.  H.  Eds;  1983; 
p.  47. 

Stern,  S.  A.;  Walavender,  W.  P.  Separ.  Scl.  1969,  4,  129. 

Rogers,  C.  E.  In  "Physics  and  Chemistry  of  the  Organic  Solid 
State";  Fox,  D. ;  Labes,  M.  M. ;  Weissberger,  A.  Eds.;  Inter- 
science:  New  York  1965. 

Yi-Yan,  N.;  Felder,  R.  M.  ;  Koros,  W.  J.  J.  Appl.  Polym.  Sci . 
1980,  25,  1755. 

Chern,  R.  T.;  Koros,  W.  J.;  Hopfenberg,  H.  B.;  Stannett,  V.  T. 

J.  Polym.  Sci.,  Phys.  Ed.  in  press. 

Chem,  R.  T.  Ph.D.  Dissertation,  North  Carolina  State  Univer¬ 
sity,  Raleigh,  NC,  1983. 

Chem,  R.  T. ;  Koros,  W.  J.;  Hopfenberg,  H.  B.;  Stannett,  V.  T. 

J.  Polym.  Sci ..Phys.  Ed.  1983,  21,  753. 

Chern,  R.  T. ;  Koros,  V  J.;  Sanders,  E.  S.;  Yui,  R.  E. 

J.  Membr.  Scl.  1983,  15,  157. 

An  tons  on ,  C.  R«;  Gardner,  R.  J « ;  King,  C.  F.,  Ko,  D.  Y. 

Process  Des.  Develop.  1977,  16,  463. 

Stern,  S.  A.;  Mauze,  C.  R.;  Frisch,  H.  L.,  J.  Polym.  Scl. ,  Phys. 
Ed.  1983,  21,  1275. 

Saxena ,  V.;  Stern,  S.  A.  J .  Meabr .  Sci.  1982,  12,  65. 

Hay,  A.  S.;  Shenian,  P.;  Cowan,  A.  C.;  Erhardt,  P.  F.;  Kaaf, 

W.  R.;  Therberge,  J.  E.  In  "Encyr 1 opedia  of  Polymer  Science  and 
Technology";  Mark,  H.;  Gaylord,  N.  G.;  Bikales,  N.  M.  Eds.; 
Interscience,  NY,  1964. 

Schnell,  H.  "Chemistry  and  Physics  of  Polycarbonate",  Inter- 
science,  NY,  1964. 

Johnson,  R.  K.;  Farnham,  A.  G.;  Clendinning,  R.  A.;  Hale,  W.  F.; 
Mercians,  C.  N.  J.  Polym.  Sci.,  1967,  A-l,  2375. 

Levis,  0.  G.  "Physical  Constants  of  Linear  Homo-polymers", 
Snrinper-Verlac .  NY .  1968. 


32.  Burrell.  H.  In  "Polymer  Handbook”;  Bandrup,  J.;  Imroergut ,  E.  H. 
Eds.;  John  Wiley  and  Sons,  NY,  1975. 

33.  Koros,  W.  J.;  Chan,  A.  H.;  Paul,  D.  R.  J.  Herobr.  Scl.  1977,  2, 
165. 

34.  Erb,  A.  J.;  Paul,  D.  R.  J.  Membr.  Sci .  1981,  8,  11. 

35.  Morel,  C.;  Paul,  D.  R.  J.  Membr.  Scl.  1982,  10,  273. 

36.  Hoehn,  H.;  Richter,  J.  W. ,  US  Patent  Reissue,  1980,  30,  351. 

37.  Stern,  S.  A.;  DeMeringo  A.  J.  Pol via.  Sci.,  Phys.  Ed.  1978,  16 

735. 

38.  Heyd,  R.  L. ;  McCandless,  F.  P.  J.  Membr.  Sci.  1977,  2,  375. 

39.  Breck,  D.  W.  "Zeolite  Molecular  Sieves";  John  Wiley  and  Sons, 

NY,  1974;  p.  636. 

40.  Kambour ,  R.  P.  J .  Polya .  Sci .  1964,  A2,  4159. 

41.  "Selecting  Pasties  for  Chemical  Resistance",  Modern  Plastics 
Encyclopedia,  1981-1982,  p.  499. 

42.  Her,  L.  R.;  Laundon,  R.  C.;  Koros,  W.  J.  J.  Appl.  Polym.  Sci. 
1982,  27,  1163. 


Diffusion  coefficients  for  a  variety  of  penetrants  in 
natural  rubber  at  25*C  and  rigid  poly(vlnyl  chloride)  at 
30*C.  The  van  der  Vlaals'  volumes  are  quoted  from  Handbook 
of  Chemistry  and  Physics,  35  ed.,  1953-54,  page  21-24  to 
21-26,  CRC ,  Cleveland,  Ohio. 

Pressure  dependence  of  CO2  permeability  in  a  variety  of 
glassy  polymers  at  35*C.  The  cellulose  acetate  data  are 
estimated  from  a  number  of  sources  including  References  5 
and  6  and  "The  Science  and  Technology  of  Polymer  Films", 
ed.  by  0.  J.  Sweeting,  Vol .  II,  Wiley  Interscience,  Hi', 
(1971). 

Correlation  between  the  solubility  parameter  of  several 
glassy  polymers  and  the  ideal  separation  factors  for  the 
CO^/CH^  system  calculated  using  the  pure  component  per¬ 
meabilities  at  35°C  for  a  20  atm  upstream  pressure  of  each 
component . 

Sorption  isotherms  for  various  gases  in  polycarbonate  at 
35*C. 

Correlation  of  the  apparent  solubility  at  20  atm  and  35*C 
with  the  critical  temperatures  of  various  penetrants  in  a 
number  of  glassy  polymers,  f  polycarbonate,  Q  poly(pheny- 
lene  oxide),  Q  polysulfone,  |  K^pton,  ^cellulose  ace¬ 
tate,^  PMMA. 

Correlation  of  the  average  diffusion  coefficient,  D,  and  the 
kinetic  diameters  of  several  penetrants  in  a  number  of  glas¬ 
sy  polymers  at  35°C  for  an  upstream  penetrant  pressure  of 


20  atro.  £  polycarbonate,  Q  poly  (pheny lent  oxide), 

□  polysulfone,  Kapton,  <Q>  cellulose  acetate. 
Correlation  of  the  average  diffusion  coefficients  of 
several  penetrants  with  the  specific  volumes  of  the  poly¬ 
mers  for  an  upstream  penetrant  pressure  of  20  atm  at  35®C. 
Simple  apparatus  for  evaluating  stress  cracking  potential 
of  candidate  membrane  materials. 


figure  3  Correlation  between  the  solubility  parameter  of  several  glassy 

polymers  and  the  Ideal  separation  factors  for  the  CO^/CH^  system 
calculated  using  the  Pure  component  permeabilities  ‘  at*  3b*C 
for  a  20  atm  upstream  pressure  of  each  component. 
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figure  fc  Correlation  of  the  average  diffusion  coefficient.  D,  and  the 
Kinetic  diameters  of  several  p-netrants  in  a  number  of  glassy 
pulyners  at  35°C  for  an  upstream  penetrant  pressure  of  ?0  atn 
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Figure  8:  Simple  apparatus  for  evaluating  stress  cracking  potential  of 
candidate  membrane  materials. 


Table  1:  Mobility  and  solubility  contributions  to  the 

pernenbilitv  and  selectivity  of  typical  glassy 
polymers  at  35' C  for  a  20  atm  pressure  of  both 
components  based  on  pure  component  parameters. 
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Synopsis 

The  kinetics  and  equilibria  of  benzene  sorption  in  polylethylene  terephthalate)  were  mea-  n  et 
at  40°C,  50° C,  and  60°(',  with  benzene  activities  ranging  from  0.02  to  0.3.  At  most  experimenta 
conditions,  diffusion  w  as  found  to  b<  Fickian,  however,  evidence  of  non  Fickian  transport  was  fount 
at  the  highest  activity  levels.  Values  of  the  diffusion  coefficient  of  benzene  range  from  10~*4  cm -A 
at  40°C  to  10" 12  cm2/s  at  60° C  in  the  limit  of  low  concentrations.  Nonlinear  isotherms  observer 
for  benzene  sorption  were  successfully  interpreted  in  terms  of  the  dual  mode  model  for  sorption  ii 
glassy  polymers,  whereby  the  sorbed  penetrant  exists  as  two  populations:  one  sorbed  accordut). 
to  Henry’s  law  and  the  other  following  a  Langmuir  isotherm.  Non-Fickian  transport  data  wert 
correlated  with  a  model  that  superimposes  diffusion  of  both  the  Henry's  law  and  Langmuir  popu 
lations  (the  “partial  immobilization''  mode!)  upon  first-order  relaxation  of  the  polymer  matrix. 


INTRODUCTION 

A  common  method  of  monitoring  ambient  air  pollution  levels  involves  trapping 
an  air  sample  in  a  bag  made  of  a  relatively  impermeable  glassy  polymer,  and 
subsequently  subjecting  the  sample  to  gas  chromatographic  analysis.  The 
fraction  of  the  collected  sample  which  is  lost  by  sorption  into  the  bag  wall  is 
seldom  considered,  due  in  part  to  a  scarcity  of  data  regarding  the  sorption  and 
transport  characteristics  of  pollutants  in  bag  materials.  The  focus  of  the  preseni 
study  is  the  demonstration  of  a  method  for  obtaining  such  data.  Benzene  was 
chosen  as  the  representative  pollutant  and  polylethylene  terephthalate)  (PET) 
was  selected  as  the  representative  sample  bag  materia). 

The  study  of  the  sorption  and  transport  of  large  condensable  penetrants  such 
as  benzene  in  glassy  polymers  is  complicated  by  the  prohibitively  long  times  that 
are  often  required  to  reach  equilibrium  at  ambient  and  near  ambient  tempera¬ 
tures  To  overcome  this  problem,  a  gravimetric  sorption  rate  measurement 
technique  was  adopted,1  using  extremely  thin  film  samples  of  PET.  Even  under 
these  conditions,  transport  rates  at  ambient  temperatures  were  too  slow  to  permit 
the  acquisition  of  the  desired  data  in  a  reasonable  period  of  time.  Consequently, 
data  were  obtained  at  temperatures  in  the  range  40-  60°C.  The  resulting  sorp¬ 
tion.  transport,  and  equilibrium  parameter  values  may  be  extrapolated  to  am¬ 
bient  temperatures  with  a  reasonable  degree  of  accuracy. 

“  Currently  employed  with  Monsanto  Co.,  i  Research  Triangle  Park,  N(\ 
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EXPERIMENTAL 

Malcrials.  All  I*KT  film  samples  used  in  this  study,  other  than  1 .0-mil  films, 
were  provided  by  the  DuPont  ('o.  The  1.0-mil  films  were  National  Bureau  of 
Standards  reference  materials.  The  benzene  used  was  obtained  from  Fisher 
Scientific  Co.,  and  contained  less  than  1  °i  impurities.  The  as-received  benzene 
was  frozen  in  liquid  nitrogen,  placed  under  vacuum  for  several  minutes,  and  then 
allowed  to  thaw.  Three  such  freeze  thaw  cycles  were  carried  out  to  remove  any 
noncondensable  contaminants  before  the  benzene  was  used  in  the  sorption  ex¬ 
periments. 

Sorption  Apparatus  and  Procedure.  The  sorption  system  used  was  a  quartz 
spring  balance  enclosed  in  a  fluid-jacketed  glass  cell  Details  of  the  cell  con¬ 
struction  and  operating  procedures  are  given  by  Felder  et  al.2  The  polymer  films 
were  degassed  for  24-48  h.  before  use. 

Koros  et  al.3  have  shown  that  the  previous  history  of  glassy  polymers  can  affect 
their  sorption  characteristics.  To  insure  consistent  sorption  behavior  and  avoid 
possible  anomalies  due  to  slow  relaxation,  the  PET  samples  were  equilibrated 
at  the  highest  benzene  activity  to  be  studied  and  thoroughly  evacuated  before 
any  sorption  data  were  taken.  Experiments  at  60°C  indicated  that  such  pre¬ 
swelling  protocols  were  not  necessary  at  the  low  activities  used  in  this  study,  but 
they  were,  nevertheless,  followed  as  insurance  against  any  subtle  conditioning 
effects  which  might  otherwise  confound  results  at  the  lowest  experimental 
temperature.  Huns  were  carried  out  at  6()°C,  50°C,  and  40°C,  in  that  order. 

Sorption  runs  were  performed  in  an  "integral"  fashion.  After  the  precondi¬ 
tioning  treatment  discussed  above,  the  films  were  systematically  exposed  to  lower 
benzene  activities,  and  the  sorption  kinetics  and  equilibria  were  measured. 
Equilibrium  was  assumed  to  occur  when  no  uptake  of  penetrant  by  the  film  was 
observed  for  at  least  9f>  h.  Desorption  data  were  also  routinely  obtained  following 
each  sorption  run,  and  care  was  taken  that  all  the  benzene  sorbed  was  subse¬ 
quently  desorbed  before  further  experiments  were  performed. 


SORPTION  EQUILIBRIA 

Data  and  Model.  Sorption  isotherms  for  benzene  in  PET  are  shown  in  Figure 
1.  The  isotherms  are  concave  to  the  pressure  axis.  This  behavior  may  be  in¬ 
terpreted  in  terms  of  the  so-called  dual  mode  sorption  model,  which  postulates 
that  the  sorbed  penetrant  exists  in  two  populations:  one  dissolved  according 
to  Henry’s  law  (concentration  =  C/>),  and  the  other  held  in  unrelaxed  gaps  be¬ 
tween  polymer  chains  and  sorbed  according  to  a  Langmuir  isotherm  (concen¬ 
tration  =  C'h  ).  This  model  .  '  Knen  found  by  several  authors  to  provide  a  sat  - 
isfactory  description  of  the  equilibrium  sorption  of  gases  and  low  activity  vapors 
in  glassy  polymers.4  7  Vieth*  gives  a  detailed  review  of  systems  described  by 
the  dual  sorption  model. 

The  dual  mode  sorption  isotherm  is  given  by 

C  =  C„  4  C„  =  k„p  4  C,,bp/(\  4  bp)  (1) 


where  ki>  |cc  (STP)/cc  polymer-atm]  is  the  Henry’s  law  constant,  p  (atm)  is  the 
penetrant  partial  pressure  at  equilibrium,  b  (atm-1)  is  the  affinity  constant  of 
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Fig.  1.  Sorption  isotherm  for  benzene  in  0.10  mil  polvlethylene  terephthalale). 


the  gas  for  the  Langmuir  sites,  and  CH  |cc  (STP)/cc  polymer]  is  the  maximum 
capacity  of  the  polymer  for  the  penetrant  in  the  Langmuir  sorption  mode. 

The  data  shown  in  Figure  1  were  fit  by  nonlinear  regression,  using  a 
Fletcher-Powell  function  minimization  algorithm9  to  minimize  the  sum  of 
squares  of  the  unweighted  residuals  at  each  temperature.  The  model  parameters 
determined  in  this  manner  are  listed  in  Table  1.  The  solid  curves  shown  in  Figure 
1  were  generated  from  eq.  (1)  using  these  parameters. 

Henry’s  Law  Constant  and  Langmuir  Affinity.  The  values  of  the  Henry’s 
law  constant  kn  and  the  Langmuir  affinity  constant  b,  shown  in  Table  1,  are  much 
larger  than  corresponding  values  found  for  C02  in  PET  over  the  same  temper¬ 
ature  range.10  This  seems  reasonable,  since  at  50°C,  C02  is  at  a  reduced  tem¬ 
perature  of  1 .06  while  benzene  has  a  reduced  temperature  of  only  0.57.  Clearly, 
benzene  has  a  much  greater  tendency  than  C02  to  exist  in  a  condensed  phase 
due  to  its  significantly  higher  critical  temperature. 

The  solubility  parameters  b  and  ki>  are  each  amenable  to  standard  van’t  Hoff 
analysis,  as  shown  in  Figure  2.  The  van’t  Hoff  formulas  determined  by  fitting 
the  data  are  given  in  Table  I.  The  slopes  of  these  semilogarithmic  plots  multi¬ 
plied  by  —  R,  where  R  is  the  gas  constant,  equal  the  enthalpy  changes  for  trans¬ 
ferring  one  mole  of  benzene  from  the  gas  phase  into  the  dissolved  Henry’s  law 
(A  Hd)  and  Langmuir  (A Hb)  populations,  respectively.  The  values  of  A Hp  and 
A Hb  determined  in  this  manner  are  -32.8  kJ/mol  and  —34.1  kJ/mol.  The  en¬ 
thalpy  of  benzene  in  the  Henry’s  law  mode  is  thus  approximately  1300  J/mol 


TABLE  I 

Dual  Mode  Sorption  Parameters  for  the  PET/Benzene  System 


Temp 

(®C) 

|cc  (STP)/ 
cc  polymer-atm] 

C„  |cc  (STP)/ 
cc  polymer] 

6b  (atm'1) 

K'  =  CHb/k„ 

40 

67.33 

1.73 

150.1 

3.85 

50 

44.42 

1.42 

100.2 

3.20 

60 

31.57 

1.00 

68.2 

2.17 

•kD  ■=  2.275  X  10'4exp|3945/r  (°K»,  AH  a  =  -32.8  kJ/mol. 
b  6  =  3.079  X  10'*  exp|4102/T  (*K)].  AHb  =  -34.1  kJ/mol. 

*  C„  =  0.043  (83.0  -  T(°C)). 
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Fig.  2.  Van't  Hoff  plots  of  the  true  Henry's  law  equilibrium  sorption  parameter  (ki>),  the  Langmuir 
affinity  parameter  (fc >,  and  the  apparent  Henry's  law  parameter  (fr/,  +  CHb)  for  benzene  in  poly- 
(ethylene  terephthalate). 


higher  than  that  of  benzene  sorbed  in  the  molecular  gaps  between  chains.  The 
difference  is  less  than  that  reported  by  Koros  et  al.10  for  CO2  in  PET  (5020  J/ 
mol). 

The  latter  results  may  be  interpreted  in  light  of  a  suggestion  of  Michaels  et 
al.4  that  more  energy  is  needed  for  a  molecule  to  enter  the  Henry’s  law  mode  since 
separation  of  polymer  chains  is  needed  for  dissolution  by  this  mechanism, 
whereas  molecules  in  the  Langmuir  mode  sorb  in  preexisting  gaps.  This  accounts 
for  the  positive  difference  between  AHp  and  AH*.  The  argument  also  implies 
that  as  the  size  of  the  penetrant  molecule  increases,  the  energy  needed  to  sorb 
into  the  gaps  should  increase  correspondingly,  since  an  expansion  or  coalescence 
of  existing  gaps  may  be  necessary  to  accommodate  the  larger  penetrant  molecules. 
Thus,  the  magnitude  of  the  difference  in  enthalpies  of  the  sorbed  molecules  in 
each  environment  should  decrease  with  increasing  molecular  size,  in  agreement 
with  the  results  given  above. 

The  apparent  Henry’s  law  constant  k},,  which  equals  the  low-pressure  limiting 
slope  of  the  sorption  isotherm,  is  from  eq.  (1)  equal  to  kp  +  C« 6,  and  can  also 
be  represented  by  an  effective  van’t  Hoff  expression,  as  shown  in  Figure  2.  The 
apparent  sorption  enthalpy  at  low  pressures,  AH'u,  was  determined  to  be  —51.2 
kJ/mol.  This  quantity  does  not  have  a  simple  physical  interpretation,  since  it 
includes  temperature-deoendent  contributions  from  CH  which  are  not  truly 
energetic  in  nature.10 

Langmuir  Capacity.  Information  about  the  “gaps”  in  the  polymer  in  which 
the  Langmuir  population  is  sorbed  is  provided  by  the  magnitude  and  temperature 
dependence  of  the  Langmuir  capacity  CH.  Koros11  proposed  that  regions  of 
localized  lower  density  are  frozen  in  glassy  polymers  when  the  polymers  are 
quenched  to  a  state  below  Ts  from  the  rubbery  region.  They  further  asserted 
that  the  difference  between  the  actual  specific  volume  of  the  glass,  vg ,  and  the 
limiting  specific  volume,  vi,  obtained  by  extrapolating  the  v  vs.  T  curve  from  the 
rubbery  region  through  Tg ,  provides  a  direct  measure  of  the  volume  of  the  gaps 
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Fig.  3.  Comparison  of  experimentally  measured  points  of  the  Langmuir  capacity  parameter.  C 
with  predicted  values  ( . )  calculated  using  e<j.  (2). 


between  chain  segments.  The  latter  quantity  is  in  turn  related  to  the  Langmuir 
capacity,  as  follows: 


c„  - 

V.. 


(2) 


where  p*  is  the  molar  density  of  the  sorbate  at  the  saturation  point  of  the 
Langmuir  isotherm.  The  amount  of  unrelaxed  volume,  and  thus  Ch,  should 
decrease  with  increasing  temperature,  finally  disappearing  near  the  glass  tran¬ 
sition. 

If  the  specific  volumes  of  the  polymer  in  both  the  rubbery  and  glassy  regions 
each  vary  approximately  linearly  with  temperature,  then,  from  eq.  (2),  over  a 
reasonably  small  temperature  interval,  CH  should  vary  linearly  with  the  differ¬ 
ence  between  the  actual  temperature  T  and  the  glass  transition  TK. 10  A  plot 
of  Ch  vs.  {Tf,  -  T)  for  benzene  in  PET,  shown  in  Figure  3,  confirms  this  expec¬ 
tation.  The  equation  of  the  line  that  fits  the  data  is  given  in  Table  I. 

Values  of  Ch  were  predicted  from  eq.  (2),  using  the  density  of  pure  liquid 
benzene  for  p*.  values  for  dilatometric  expansion  coefficients  for  PET  from  the 
literature,12  and  a  value  Tf  =  83°C  obtained  from  differential  scanning  calo¬ 
rimetry  measurements. 13  The  results  are  shown  as  the  dotted  line  along  with 
the  measured  values  in  Figure  3.  The  agreement  between  the  predicted  and 
measured  values  is  gratifying. 


SORPTION  RATES 


Uptake  Rates  and  Diffusion  Coefficients.  Figures  4  and  5  show  plots  of 
the  cumulative  mass  of  benzene  sorbed,  M((t),  normalized  by  the  uptake  at 
equilibrium,  vs.  yft  for  a  1.0-mil  and  a  0.1-mil  film,  respectively.  Effective 
Fickian  diffusion  coefficients  were  determined  from  the  formula 


D  =  0.04919  h2/t  1/2 


(3) 


where  h  is  the  polymer  thickness  and  1 1/2  is  the  time  required  for  the  sorption 
of  half  the  equilibrium  uptake  of  penetrant.1  The  coefficients  determined  in 
this  manner  were  substituted  into  the  solution  of  the  diffusion  equation  for 
sorption  into  flat  membranes14: 


M,j  =  M 


j  _  _8_  « -  -  exp|-D(2n  +  UVW] 
jt2„.o  (2n  +  l)2 


(4) 


The  results  are  shown  as  the  solid  curves  through  the  data  in  Figures  4  and  5. 
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Fig.  4.  Sorption  kinetic  run  for  benzene  sorption  in  1.0  mil  thick  polyethylene  terephthalate) 
al  60°C  for  a  vapor  activity  equal  to  0.2S;  /  =  1.0  mil 


The  model  of  purely  Fickian  diffusion  is  seen  to  provide  an  excellent  repre¬ 
sentation  of  the  sorption  of  benzene  into  a  1.0-mil  PET  film  at  60°C,  but  de¬ 
viations  from  this  ideal  model  appear  for  the  thinner  (0.1  -mil)  membrane  at  the 
same  and  a  lower  temperature,  even  at  lower  vapor  activities.  For  the  thin  film, 
the  Fickian  model  describes  the  data  well  only  at  40°C  for  the  lowest  activity 
studied  (p/p0  =  0.02). 

The  above  observations  suggest  that  a  relaxation  process  is  superimposed  on 
the  Fickian  diffusion  process.  At  very  low  vapor  activities,  penetrant-induced 
relaxations  are  relatively  minor,  explaining  why  the  sorption  curves  are  described 
most  effectively  by  the  Fickian  model  at  low  activities.  In  fact,  any  small  re- 
laxational  effects  present  in  the  low  activity  case  (p/po  =  0.02)  at  40°C  cannot 
be  distinguished  from  experimental  error. 

This  interpretation  is  consistent  with  the  ability  of  the  pure  Fickian  diffusion 
model  to  correlate  the  kinetic  data  for  the  thicker  (1.0-mil)  film.  Since  the  dif¬ 
fusion  and  relaxation  processes  superimpose  (no  distinct  two-stage  sorption  is 
observed)  in  the  0.1 -mil  film,  the  characteristic  relaxation  time  of  the  polymer 
under  the  conditions  studied  is  presumably  of  the  same  magnitude  as  the  char¬ 
acteristic  diffusion  time  (hVD)  for  this  film.  For  the  thick  film,  the  characteristic 
diffusion  time  is  100  times  larger  than  that  of  the  thin  film,  while  the  charac¬ 
teristic  relaxation  times  are  about  the  same  for  both  films.  It  follows  that  the 
diffusion  process  in  the  thick  film  is  roughly  2  orders  of  magnitude  slower  than 
the  relaxation  process,  so  that  a  model  which  neglects  relaxation  effects  in  this 
film  should  provide  a  good  correlation  of  sorption  kinetic  data,  as  is,  in  fact,  the 
case. 

Enscore1'1  measured  rates  of  sorption  of  n  -hexane  in  polystyrene  microspheres, 
and  found  that  the  uptake  after  long  times  proceeded  more  slowly  than  the 
Fickian  mode)  predicted.  The  measured  responses  were  similar  to  those  ob¬ 
served  in  most  of  the  sorption  runs  for  the  thin  film  presented  in  Figure  5.  En- 
score  analyzed  his  data  in  terms  of  a  phenomenological  model  proposed  by  Berens 
and  Hopfenberg16  that  permits  separation  of  diffusion  and  relaxation  effects. 
A  similar  approach  will  be  used  in  the  present  study  for  the  thin  film  samples. 

Berens-Hopfenberg  Model.  According  to  the  Berens-Hopfenberg  model, 
penetrant  uptake  can  be  described  as  the  linear  superposition  of  a  Fickian  dif- 


Fig.  5.  Sorption  kinetic  runs  for  benzene  in  0.10  mil  PET  under  a  variety  of  conditions  The  lines 
are  the  Fickinn  model  |(eq.  (4)]  using  diffusion  coefficients  estimated  from  the  half-time  formula 
|(eq.  CD):  (a)  />/p„  =  0.07, GOT;  (It)  p/p„  =  0.22, 60°C;  (c)  p/p„  =  0.0f>.  SOT:  (d)  p/p„  =  0.30.  SOT; 
(e)  p/p„  =  0.02.  40°(\  (fl  p/p„  =  0.1 1. 40°C. 


fusion  term  and  a  first-order  relaxation  term.16  The  total  uptake  at  a  given  time 
is  given  by 

M,  =  M(,r+M(,r,  (5) 

where  M,j?  is  the  amount  that  would  be  sorbed  by  the  Fickian  process  proceeding 
alone,  given  by  eq.  (4),  and  Af,.«  is  the  corresponding  term  for  the  relaxation 
process.  The  uptake  due  to  relaxation  is 


M,,r  =  M-,r[  1  -  exp(-fef)] 


(6) 


where  k  is  a  first -order  rate  constant  for  the  relaxation  process,  and  M„,r  rep¬ 
resents  the  equilibrium  uptake  due  to  relaxation. 

Substitution  of  eqs.  (4)  and  (6)  into  eq.  (5)  and  division  by  the  total  quantity 
of  dissolved  penetrant  at  equilibrium,  M yields 


L 


n*0 


exp|-D(2n  +  l)27r2f//i2)| 


(2n  +  l)2 


+  (1  -  v'p)[l  -  exp(-fcf)J 
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Fir.  6.  Illustration  of  approximate  graphical  method  for  evaluntion  of  the  Berens-Hopfenberg 
model  parameters  for  use  in  eq.  (7);  p/p{l  =  0.1 1 , 60®C\ 


where 

ifr  —  (8) 

is  the  fraction  of  the  equilibrium  sorption  contributed  by  the  diffusion  pro¬ 
cess. 

The  expression  of  eq.  (7)  is  seen  to  contain  three  adjustable  parameters:  the 
effective  diffusion  coefficient  B;  the  relaxation  rate  parameter  k\ and  the  fraction 
of  the  equilibrium  sorption  due  to  diffusion,  i fy.  The  values  of  k  and  tfp  are  first 
estimated  by  analyzing  the  uptake  data  at  times  sufficiently  long  for  the  sum¬ 
mation  in  eq.  (7)  to  be  negligible.  When  this  is  the  case,  the  simplified  equation 
may  be  rewritten  as 

1  -  Af,/Af„  =  (1  -  o  )  exp (-kt)  (9) 

In  view  of  eq.  (9),  it  might  be  anticipated  that  a  semilogarithmic  plot  of  (1  - 
vs.  t  would  be  linear  over  some  intermediate  range  of  times — long 
enough  for  the  summation  of  eq.  (7)  to  be  negligible,  but  not  long  enough  for  the 
closeness  of  the  approach  to  equilibrium  to  make  the  data  imprecise.  The  slope 
of  the  line  would  equal  -k,  and  the  intercept  would  equal  (1  -  yy).  A  repre¬ 
sentative  plot  of  this  type  is  shown  in  Figure  6.  The  plot  is  indeed  close  to  linear 
for  times  in  the  range  800-2000  min,  thus  allowing  the  estimation  of  k  and  <£■« 
=  1  -  y-f . 

Once  the  two  relaxation  process  parameters  have  been  estimated,  it  is  a 
straightforward  matter  .  estimate  the  effective  Fickian  diffusion  coefficient 
B  The  asymptotic  limit  of  the  uptake  due  to  diffusion  alone  is  by  definition 
tpy.  If  1 1/2  is  the  time  required  for  the  fractional  uptake  (Af,/Af  „)  to  reach  half 
of  this  limiting  value,  the  effective  diffusion  coefficient  B  may  be  estimated  from 
eq.  (3). 

While  the  above  procedure  yields  reasonable  estimates  of  the  three  parameters 
of  the  Berens-Hopfenberg  model,  its  neglect  of  the  interactions  between  the 
diffusion  and  relaxation  processes  must  inevitably  lead  to  estimation  errors. 
Improved  parameter  estimates  were  obtained  by  applying  nonlinear  regression 
to  the  sorption  rate  data,  simultaneously  determining  the  values  of  k,  o  ,  and 
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T).  A  pattern  search  (Hooke-Jeeves)  function  minimization  algorithm9  was  used 
to  determine  the  parameter  values  that  minimized  the  unweighted  sum  of  squares 
of  residuals  between  the  data  points  and  the  predictions  of  eq.  (7).K!  The  pro¬ 
cedure  described  in  the  preceding  paragraphs  was  used  to  obtain  the  initial  pa¬ 
rameter  estimates  provided  as  input  to  the  search  routine,  and  convergence  was 
usually  quite  rapid. 

Values  of  the  three  model  parameters  determined  for  the  sorption  of  benzene 
into  0.1 -mil  PET  film  at  40°C,  50°C,  and  60°C  are  given  in  Table  II.  Correlations 
of  the  sorption  data  for  several  representative  runs  (corresponding  to  those  of 
Fig.  5)  are  shown  in  Figure  7,  which  illustrates  both  the  adequacy  of  the  Ber- 
ens-Hopfenberg  model  and  the  inadequacy  of  the  simple  Fickian  model  to 
represent  the  sorption  of  benzene  in  thin  PET  films  at  the  higher  penetrant  ac¬ 
tivities  considered  in  these  thin  films. 

As  shown  by  the  results  given  in  Table  11,  the  diffusion  coefficient  D  increases 
with  increasing  concentration  (or  vapor  activity),  as  is  often  observed  in  glassy 
polymer  systems.  The  relaxation  rate  parameter  k  appears  to  increase  signifi¬ 
cantly  with  increasing  temperature,  but  at  a  given  temperature  little  systematic 
variation  of  k  with  penetrant  activity  is  observed.  The  fraction  of  sorption 
controlled  by  diffusion,  iff ,  did  not  vary  systematically  with  either  temperature 
or  penetrant  activity  under  the  conditions  studied.  However,  it  is  quite  likely 
that  significant  variations  in  both  k  and  would  be  observed  if  a  broader  range 
of  conditions  were  examined. 

The  value  of  the  true  Fickian  diffusion  coefficient  for  a  given  temperature  and 
penetrant  activity  should  be  independent  of  film  thickness.  Results  obtained 
in  two  runs  carried  out  at  60°C  confirm  this  expectation.  In  one  run,  performed 
with  a  1.0-mil  film  and  a  benzene  activity  of  0.25,  transport  was  almost  entirely 
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Fig.  7.  Sorption  kinetic  runs  for  lienzeno  shown  in  Figure  5.  The  lines  are  the  Berens-Hopfenlierg 
equation  fit  to  the  data  using  the  parameters  in  Table  II:  (a)  p/pfl  ~  0.07,  60°C;  (h)  p/p„  =  (l.ti'J. 
60»C;  tc )  p/p„  =  0.00.  M)°C;  (dl  />/;>„  =  ().:«).  .SOT:  (e)  />/p„  =  0.02.  40°C,  (f)  p/p„  =  0.1 1. 40°(\ 


by  pure  Fickian  diffusion  (see  Fig.  4),  with  75  =  1.58  X  10~12.  In  another  run, 
performed  with  a  0.1  -mil  film  and  a  benzene  activity  of  0.22  (see  Fig.  7),  the  value 
of  15  determined  by  fitting  the  data  with  the  Berens-Hopfenberg  model  was  1 .55 
X  10~12,  statistically  indistinguishable  from  the  first  value. 

From  Table  II,  the  characteristic  time  scale  for  the  relaxation  process  ( k~] ) 
is  5  X  104  s,  and  the  characteristic  times  for  the  diffusion  process  (h2/D)  are  10r’ 
s  and  10*  s  for  the  0.1 -mil  and  1.0-mil  films,  respectively.  These  results  are 
completely  consistent  with  the  previous  discussion  about  the  relative  importance 
of  the  diffusion  and  relaxation  processes  in  the  two  films.  It  is  clear  that,  in  the 
thicker  film,  the  200-fold  greater  characteristic  time  scale  for  diffusion  relative 
to  relaxation  precludes  dirtv.  ..’.„ervation  of  the  relaxation  process. 

In  short,  the  Berens-Hopfenberg  model  provides  an  excellent  phenomenol¬ 
ogical  description  of  the  sorption  process.  It  is  also  worth  noting,  however,  that 
the  model  does  not  by  itself  provide  insight  into  the  molecular  source  of  the  ap¬ 
parent  differences  between  the  “diffusion"  and  “relaxation”  processes.  Addi¬ 
tional  experimentation  beyond  the  scope  of  the  present  study,  possibly  involving 
dilatometric  measurements,  and  the  formulation  and  validation  of  a  nonequi¬ 
librium  statistical  model  of  the  glassy  state  will  be  required  to  obtain  such  in¬ 
sight. 
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Dual  Mobility  (Partial  Immobilization)  Model.  It  is  clear  from  consid¬ 
eration  of  the  data  in  Table  II  that  the  phenomenologically  determined  average 
diffusion  coefficients  tend  to  increase  with  penetrant  activity  (or  sorbed  con¬ 
centration).  The  observed  diffusivities  of  penetrants  in  glassy  polymers  often 
increase  with  increasing  penetrant  concentration,  even  in  the  absence  of  plas¬ 
ticization  by  the  penetrant.17  Kick's  law,  given  bv  eq.  (10).  is  traditionally  used 
to  describe  the  migration  of  penetrant  at  low  activities: 

/V  =  -IKu  ~  (10) 


where  N  is  the  observed  flux,  De n  is  an  effective  local  concentration-dependent 
diffusion  coefficient,  C  is  the  local  sorbed  concentration,  and  x  is  the  direction 
of  migration. 

Paul  and  Koros18  formulated  a  transport  model  based  on  the  dual  mode 
sorption  concept,  which  explicitly  assigns  a  separate  mobility  to  penetrants  in 
the  Henry’s  law  and  Langmuir  populations.  This  model,  termed  the  dual  mo¬ 
bility  or  partial  immobilization  model,  expresses  the  flux  as 

N--n (in 

ox  dx 

where  Dp  and  Dp  are  the  respective  diffusion  coefficients  of  the  Henry's  law  (Cp) 
and  Langmuir  {Cp )  populations.  A  similar  model  expressed  in  terms  of  gradients 
in  chemical  potential  has  been  discussed  by  Petropolous.11' 

The  relationship  between  the  effective  local  diffusion  coefficient  |Drff  of  eq. 
(10)]  and  the  dual  mobility  model  parameters  is  as  follows17: 


Df.  ff  -  Dp 


1  +  FKK 1  +  of,,)2 
1  +  K/(  1  +  aCpY-  , 


(12) 


where  K  =  Cpb/kp ,  F  =  Dp /Dp,  and  a  =  b/kp.  Clearly,  if  F  ^  1  {Dp  ^  Dp), 
the  local  effective  diffusion  coefficient  of  all  sorbed  species  is  a  function  of  the 
local  penetrant  concentration. 

Since  the  value  of  De a  in  eq.  (12)  changes  from  the  beginning  of  a  sorption  run 
(at  which  point  the  concentration  is  defined  to  be  a  uniform  Ci,  usually  0)  to  the 
end  of  the  run  (when  the  concentration  is  C2),  the  actual  diffusion  coefficient 
determined  from  the  curve-fitting  procedure  previously  described  is  appro¬ 
priately  defined  as20 


75  = 


Xc2 

D"<dC 

~c2-  r, 


Substitution  of  eq.  (12)  for  Df((  into  this  equation  yields-’1 

D  |1  +  FK/(l  +  bpi)(l  +  bpt) 
n  1  +  KK\  +  6p,)(  1  +  bp-j) 


(13) 


(14) 


where  p\  and  p2  are  the  equilibrium  partial  pressures  at  1=0  and  t  =  ®,  re¬ 
spectively.  If  p  is  the  constant  penetrant  partial  pressure  surrounding  the 
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Fig.  8.  Average  diffusion  coefficient  values  (see  Table  H)  plotted  according  to  eq.  (15). 


membrane  during  an  integral  sorption  experiment,  then  pi  =  0  and  p2  =  p,  and 
eq.  (14)  reduces  to 


^  „  [l  +  FK/(\  +  bp) 

D~D°  1  +  K/(\  +  6p) 


(15) 


The  last  equation  indicates  that  a  plot  of 


D  1  + 


K 


1  +  bp, 


vs. 


K 

1  +  bp 


should  produce  a  straight  line  with  slope  Dp  (=  FDp)  and  intercept  Dp.  Figure 
8  shows  such  plots  for  the  benzene-PET  system  at  40°C,  50°C,  and  60°C,  with 
the  value  of  K  and  b  taken  from  Table  1  and  those  of  D  from  Table  II.  The  values 
of  Dp  and  Dp  determined  in  this  manner  are  listed  in  Table  III. 

The  results  show  that  the  Langmuir-sorbed  species  is  between  10%  and  20% 
as  mobile  as  the  Henry’s  law  population  at  50°C  and  60°C,  and  therefore  that 
neglecting  the  mobility  of  the  former  species  (as  was  routinely  done  in  early 
analyses  of  dual-mode  transport  in  glassy  polymers)  could  lead  to  substantial 
errors  in  data  correlation.  At  40°C,  on  the  other  hand,  it  appears  that,  within 
the  accuracy  of  the  data  available,  the  assumption  F  =  0  is  a  reasonable  mathe¬ 
matical  approximation.  I  ’  "cically,  of  course,  Dp  ^  0,  or  else  the  assumption 


TABLE  III 

Kinetic  Parameters  Do,  Dh .  and  F  for  Benzene  in  0.10  mil  PET  Film 
Temp  <°C)  Dp‘  x  10"  IcmVsl  DH  x  10"  (cmJ/s)  F  *=  Dh/Pd 


40 

3.5 

«Dp 

~0 

50 

8.14 

1.06 

0.13 

60 

18.5 

3.43 

0.18. 

■  Dp  -  0.395  eip|-8691/r  CKl),  Ep  •=  72.3  kJ/mol. 
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Kip  9.  Comparison  of  observed  average  diffusion  coefficients  (see  Table  II)  to  the  values  calculated 
from  eq.  (15)  using  the  parameters  inTables  I  and  III. 


of  local  equilibrium  between  the  two  sorption  modes  could  not  be  satisfied. 

The  values  of  D[>  shown  in  Table  III  are  well  correlated  by  an  Arrhenius  for¬ 
mula.  The  formula  is  also  given  in  Table  III;  the  activation  energy  for  diffusion 
of  the  Henry's  law-sorbed  species  is  72.7  kJ/mol.  Since  the  diffusion  coefficient 
of  the  Langmuir-sorbed  species  is  negligible  at  the  lowesi  of  the  three  tempera¬ 
tures  studied,  a  similar  analysis  for  cannot  meaningfully  be  done. 

A  direct  illustration  of  the  variation  of  the  effective  diffusion  coefficient  with 
penetrant  partial  pressure  is  given  in  Figure  9,  which  plots  D  vs.  p  for  the  three 
temperatures  studied.  Also  shown  on  this  figure  are  the  curves  predicted  from 
eq.  (15),  using  the  dual  mobility  model  parameters  given  in  Table  Ill. 

Since  the  glassy  polymer  matrix  undergoes  swelling  al  the  same  time  diffusive 
transport  is  occurring,  the  Henry’s  law  solubility  coefficient  kt ,  and  diffusion 
coefficient  Dp  change  slightly  during  a  sorption  run,  so  that  application  of  the 
given  equations  for  T)  is  not  rigorously  justified.  However,  the  excellent  corre¬ 
lation  of  the  I)  vs.  p  data  shown  in  Figure  8  indicates  that,  at  the  conditions  of 
the  present  experiments,  swelling  was  slight  enough  for  its  effect  on  the  calculated 
value  of  D  to  be  neglected. 

Prediction  of  Permeabilities  and  Time  Lags.  The  transport  properties 
reported  thus  far  can  be  determined  by  either  sorption  rate  measurements,  as 
was  done  in  this  study,  or  by  permeation  experiments.1  The  latter  approach 
involves  the  determination  of  the  steady-state  permeability  and  diffusion  time 
lag. 

Koros  and  Paul18  derived  analytical  expressions  for  the  permeability  and  time 
lag  for  systems  described  by  the  partial  immobilization  model.  Substitution 
of  the  parameters  for  the  benzene/PET  system  given  in  Tables  I  and  II  into  these 
expressions  yields  the  plots  of  permeability  and  time  lag  vs.  penetrant  partial 
pressure  shown  in  Figures  10  and  11.  In  the  absence  of  non-Fickian  effects,  both 
the  permeability  and  the  time  lag  are  seen  to  be  decreasing  functions  of  upstream 
partial  pressure. 

The  effects  of  relaxational  contributions  to  the  transport  process  should  be 
relatively  unimportant  in  the  case  of  the  steady-state  permeability,  and  so  the 
accuracy  of  the  predictions  in  Figure  10  is  expected  to  be  quite  satisfactory,  even 
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Fin  10.  Predic  tion  of  the  steady  state  permeability  of  benzene  for  polytethylene  terephthalate) 
at  .‘>0<’C  and  60°C. 


for  thin  films.  On  the  other  hand,  time-dependent  relaxations  during  the 
transient  period  could  protract  the  approach  to  steady-state,  thereby  causing 
the  predictions  of  0  to  be  underestimated  for  the  0.1-mil  film  except  at  very  low- 
vapor  activities.  For  the  thicker  film,  time  lags  should  he  100  times  greater  than 
those  shown  in  Figure  1 1,  since  the  lags  vary  as  the  square  of  the  film  thick¬ 
ness. 

For  the  same  reason  that  the  Fickian  model  successfully  described  sorption 
in  the  thick  film  but  failed  to  do  so  for  the  thin  film,  one  would  expect  the  pre¬ 
dictions  of  time  lags  determined  by  scaling  the  results  of  Figure  1 1  to  describe 
the  behavior  of  thick  films,  but  to  fail  for  thin  films.  This  is  a  fortunate  result, 
in  that  it  suggests  that  the  behavior  of  thick  barrier  films  (>  1  mil)  can  be  deduced 
by  studying  thin  films  over  more  convenient  time  scales.  This  is  the  topic  of  a 
current  study  in  our  laboratory. 

Desorption  Kinetics.  Desorption  rates  were  measured  routinely  after 
benzene  sorption  had  reached  equilibrium.  Data  from  a  representative  de¬ 
sorption  run  at  50°C  are  shown  in  Figure  12.  The  line  shown  in  this  figure  is  the 


Fig  1 1  Prediction  of  the  diffusion  time  lag  for  benzene  in  a  0  10  mil  thick  film  of  polytethylene 
terephthalate)  at  S0°C  and  fi0°C 
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Fig.  12  Comparison  of  the  experimentally  observed  normalized  desorption  kinetic  run  for  benzene 
in  polylethvlene  terephthalote)  with  the  simple  Fickian  model  line  |eq.  (41).  The  average  diffusion 
coefficient  for  this  system,  determined  from  the  Berens-Hopfenberg  analysis  of  the  sorption  data 
(see  Table  II).  was  used  in  the  calculation:  T  —  50°C,  p/p<>  -  0.19,  /  =  0.1  mil. 


prediction  of  the  Fickian  transport  model  using  the  diffusion  coefficient  deter¬ 
mined  from  the  corresponding  sorption  run. 

The  results  indicate  that  rapid  desorption  occurs  initially,  followed  by  a  slower 
desorption  process.  Such  non-Fickian  behavior  is  presumably  due  to  consoli¬ 
dation  of  distended  polymer  chains  over  the  same  time  scale  as  that  of  the  dif¬ 
fusion  process  for  the  thin  film  samples.  Due  to  equipment  failure,  a  formal 
desorption  experiment  was  not  performed  on  the  1.0-mil  Film.  One  would  expect, 
however,  that  desorption  from  the  thicker  film  would  more  closely  approximate 
Fickian  behavior,  again  because  the  characteristic  time  scale  for  diffusion  is 
substantially  longer  than  for  chain  relaxation  in  the  thick  sample. 

CONCLUSIONS 

The  dual  mode  sorption  and  partial  immobilization  models  provide  good 
correlations  of  data  for  benzene  sorption  in  PET  at  low  vapor  activities.  This 
result  is  particularly  significant  in  that  these  models  have  heretofore  been  used 
primarily  for  noncondensable  gases.  The  occurrence  of  relaxation  in  the  polymer 
during  sorption  was  treated  successfully  with  the  Berens-Hopfenberg  model. 

The  diffusional  mobility  of  the  Langmuir-sorbed  component  is  significantly 
lower  than  the  mobility  of  the  Henry’s  law  component  for  benzene  in  PET.  This 
result  is  consistent  with  previous  results  which  suggest  that  the  relative  mobility 
of  penetrants  in  the  Langmuir  and  Henry’s  law  environments  (F  =  D«/Dp) 
decreases  as  the  critical  temperature  of  the  penetrant  increases.2  Benzene  has 
a  high  critical  temperature22  (562K),  so  that  low  values  of  F  were  anticipated 
and  observed. 

The  temperature  dependence  of  the  Langmuir  capacity,  C«,  was  qualitatively 
and  quantitatively  consistent  with  the  interpretation  of  this  parameter  in  terms 
of  unrelaxed  volume  frozen  in  the  polymer  below  Tf.  The  predictions  of  C«  from 
dilatometric  data  for  PET  and  the  density  of  liquid  benzene  were  gratifyingly 
accurate. 

The  results  also  indicate  that  the  sorption  anomalies  seen  in  this  study  are  less 
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apparent  when  dealing  with  the  thicker  films.  This  suggests  that  these  anomalies 
w  ill  be  of  minor  consequence  in  the  prediction  of  benzene  sorption  into  air  bags 
(3-5  mils  thick),  even  through  significant  quantities  of  benzene  may  in  fact  be 
sorbed  into  the  bag  wall. 
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North  Carolina  State  University 
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Gravimetric  sorption  and  desorption  data  are 
reported  for  water  and  anhydrous  ammonia  in  Kapton®  at 
30°C.  The  data  for  water  at  low  activity  are 
described  well  by  Kick’s  Law  with  a  concentration 
dependent  diffusion  coefficient.  At  high  vapor 
activity,  evidence  of  small  extents  of  chemical 
reaction  of  the  water  with  iraide  groups  was 
discovered.  Even  after  exposure  to  a  relative 
humidity  of  61. 4%  for  two  weeks,  however,  only  U.31% 
of  the  iraide  structures  were  affected.  Anhydrous 
ammonia,  on  the  other  hand,  at  rather  low  relative 
saturations  (0.012  to  0.032)  interacted  strongly  with 
some  of  the  imide  structures  of  Kapton®.  Infrared  and 
gravimetric  sorption/desorption  measurements  were 
used  to  characterize  the  locus  and  extent  of  reaction. 
It  was  found  that  after  exposure  of  a  0.5  mil  sample 
to  an  ammonia  relative  saturation  of  0.0316  for  16 
days,  roughly  17%  of  the  imide  structures  were 
disturbed.  Analysis  of  the  coupled  dtffuslon  and 
chemical  reaction  suggests  that  only  a  fraction  of  the 
total  number  of  iraide  groups  (~20X)  appear  to  become 
"activated"  or  "lablllzed"  during  the  solid  state 
curing  step  in  which  stresses  may  arise.  Stress 
relief  by  the  limited  amaonolysis  reaction  presumably 
deactivates  the  remaining  imide  groups.  The 
possiblity  of  using  Kapton®  as  a  combined  protective 
barrier  and  scavenger  coating  or  film  is  explored 
brief ly . 
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l^T  INDUCTION 


Aromatic  polyether  dilmides  are’khowrf  for  their  excellent 
high  temperature  resistance  to  degradation.  Our  interest  in  these 
high  glass  transition  polymers  steins  from  an  ongoing  study  oi 
permselective  membranes  for  various  sampling  and  separation 
applications  *  ^ .  In  the  course  of  our  research,  wo  have 
encountered  an  extremely  interesting  range  of  physical  and 
chemical  interactions  which  several  rather  common  penetrants 
exhibit  with  an  important  commercial  polyimide,  Kapton*.  whose 
repeat  unit  is  shown  below. 


Imide  linkages  are  known  to  be  somewhat  sensitive  to  attack 
by  basic  penetrants,  and  this  fact  is  actually  used  to  an 
advantage  in  the  erosion  of  Kapton4*  to  produce  extraordinarily 
thin  films  (<0.0001  in)  for  electronics  applications,  by  exposure 
to  an  alkaline  etching  medium.  The  present  study  will  focus  on 
much  milder  penetrant  exposure  conditions.  In  such  cases,  the 
small  molecule  acts  primarily  as  a  probe  of  the  distribution  of 
the  physically  and  chemically  heterogeneous  environments  which 
appear  to  be  present  In  hapton®^. 


EXPERIMENTAL 


Materials 

The  Kaptonfc  poly (ether-imide )  used  in  the  present  study  was 
kindly  supplied  by  the  E.  1.  DuPont  Company,  Circleville,  Ohio. 
Films  of  thickness  2.0  ±  0.01  mil,  0.5  i  0.01  mil,  and  0.3  ±  0.01 
mil  were  used. 

The  water  used  in  t'<s  study  was  triple  distilled  and  exposed 
to  three  freeze/thaw  cycles  to  remove  dissolved  gases.  The 
anhydrous  ammonia  was  obtained  from  Air  Products  and  Chemicals, 
Inc.,  Kaleigh,  North  Carolina  at  a  purity  of  99.9?.  and  was  used 
as  received. 


The  design  and  operation  of  the  Mcbain  quartz  spring  balance 
used  in  this  study  has  been  described  previously^1.  With  this 
system,  a  direct  gravimetric  measure  of  penetrant  uptake  within 
the  polymer  as  a  function  of  time  can  be  determined  by  observing 
changes  in  the  spring  extension. 


The  sorption  cell  and  supporting  apparatus  arc  shown  in 
Figure  i.  A  quartz  spring  with  a  spring  constant  of  0. 50010.006 
mg/mm  extension  was  used.  The  polymer  sample  was  hung  at  the  base 
of  the  spring,  and  a  glass  reference  fiber  was  hung  parallel  to 
the  spring  to  compensate  for  small  shifts  in  the  spring  support 
position  which  might  occur  during  the  experiment.  A  precision 
microscope,  capable  of  detecting  spring  deflections  as  small  as 
0.005  mm,  was  used  to  observe  spring  extension;  therefore, 
deflections  represented  by  masses  as  small  as  2.5  pg  were 
detectable. 


SORPTION  CHAMBER 

Figure  1.  Mcbain  balance  apparatus  used  for  gravimetric  determi¬ 
nation  of  vapor  sorption  data. 


The  sorption  cell  was  maintained  at  a  constant  temperature  by 
circulating  a  silicone  fluid  from  a  bath  through  a  fluid  jacket 
surrounding  the  cell.  Brass  screen  was  wrapped  around  portions  of 
the  cell  and  grounded  to  reduce  static  attraction  between  the  cell 
wall  and  the  polymer  film.  A  large  vapor  reservoir  was  used  to 
Increase  the  total  volume  of  the  sorption  system,  thereby 
eliminating  measurable  fluctuations  in  pressure  within  the 
sorption  cell. 


Procedures 

A  Kapron®  sample  of  known  weight  was  hung  from  the  quartz 
spring  and  degassed  for  24  hours.  A  constant  weight  of  the 
degassed  sample  was  obtained  within  10  hours.  The  system, 
excluding  the  sorption  cell,  was  pressurized  with  penetrant  to  an 
empirically  determined  value  that  would  give  the  desired  sorption 
pressure  when  the  stopcock  to  the  sorption  cell  was  opened.  At 
time  zero,  the  penetrant  was  admitted  into  the  sorption  cell,  and 
the  spring  extension  was  measured  as  a  function  of  time.  The 
system  pressure  was  monitored  during  the  experiment  and  was 
permitted  to  vary  no  more  than  15  mm  Hg.  System  pressure  was 
adjusted  by  either  introducing  more  penetrant  or  by  raising  or 
lowering  the  heating  tape  temperature  in  the  exterior  lines.  To 
begin  a  desorption  experiment,  the  valve  connecting  the  sorption 
cell  to  the  vacuum  line  was  opened,  and  the  contraction  of  the 
spring  was  observed  as  a  function  of  time. 


BACKGROUND  AND  THEORY 

Simple  Nonreactive  Fickian  Transport 

The  transport  of  relatively  noninteracting  penetrants  such  as 
N2,  C02  and  S02  in  glassy  polymers  may  be  described  using  Kick's 
Law  (Equation  (1))  for  transport: 

N  -  -D(C)  !£  ^ 1 ^ 

dx 

where  N  is  the  one-dimensional  diffusional  flux  in  the  x-direction 
with  D(C)  equal  to  the  local  diffusion  coefficient  of  the 
penetrant  which  can  be  a  functlo..  of  local  concentration,  C.  The 
normalized  sorption  or  c 'sorption  kinetics  for  a  slab  of  thickness 
2 S.  can  be  expressed  as  the  infinite  series,  shown  below  for  the 
case  where  D  is  a  constant,  independent  of  concentration: 
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wliure  Mt  and  M<«  are  tlle  ,nass  sorbed  lor  desorbed)  at  time  t  and  at 
"Infinite"  time,  respectively^.  The  value  of  the  constant 
diffusion  coefficient  in  Equation  (2)  can  be  evaluated  easily 
using  the  well-known  "half-time"  relation  (Equation  (3))  which  is 
derived  by  evaluating  the  time  (tj^)  corresponding  to  Mj./M*,  -  U.5 
using  Equation  (2). 

D  =  0.0492  i2  (3) 

1 1  /  2 


Eor  simple  Fickian  behavior  described  by  Equation  (2),  the 
normalized  sorption  and  desorption  responses  are  linear  functions 
of  t*^  up  to  at  least  values  of  *  0.5  to  0.6-*.  In 

situations  for  which  the  diffusion  coefficient  is  a  function  of 
local  concentration  (C),  Equation  (2)  can  still  be  used  with 
reasonable  effectiveness  if  one  realizes  that  the  diffusion 
coefficient  appearing  in  that  equation  represents  an  average  or 
"effective"  coefficient  typical  of  the  concentration  range  being 
considered. 

The  gravimetric  sorption/desorption  kinetic  runs  in  Figures  2 
and  3  for  SO2  in  Kapton®  at  35°C  show  a  simple  Fickian  transport 
process  typical  of  a  case  in  which  D(C)  increases  with  local 
concentration.  Specifically,  if  the  data  in  Figure  2  are  plotted 
in  the  normalized  form  as  Mj/M*,  (shown  in  Figure  3),  then  the 
response  is  a  linear  function  of  t*^  up  to  values  of 
ranging  from  U.5  to  0.6  for  both  the  sorption  and  desorption 
runs.  Furthermore,  the  sorption  data  lie  above  the  desorption  data 
indicating  that  the  diffusion  coefficient  increases  with 
increasing  concentration.  The  lines  drawn  through  the  normalized 
sorption  and  desorption  curves  in  Figure  3  were  calculated  from 
the  standard  infinite  series  expression  (Equation  (2))  for  simple 
Fickian  uptake.  Effective  average  values  for  the  diffusion 
coefficients,  corresponding  to  6.75xlU-**  cm^/sec  and  4.37x10*'** 
cm^/sec  for  the  sorption  and  desorption  runs,  respectively,  were 
used  to  obtain  the  fit  shown.  The  departure  from  the  simple 
Fickian  model's  prediction  at  longer  times  for  the  desorption  run 
is  presumably  a  consequence  of  the  considerable  concentration 
dependence  of  the  SU2  diffusion  coefficient.  The  diffusivity 
approaches  its  "zero  concentration"  or  infinite  dilution 
limiting  value  in  the  last  stages  of  desorption"*. 
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Figure  2.  Sorption  (#)/desorption  (O)  kinetic  runs  for  a  U.3  nil 
Kapton*’  polyimide  film  at  35°C  and  at  a  S02  pressure  of  0.33  atm. 


t^min*5) 


Figure  3.  Normalized  sorption  (•)/desorption  (O)  kinetic  runs  for 
a  0.3  nil  iCapton®  film  at  35°C  and  at  a  S02  pressure  of  0.33  atm. 
Note  that  all  of  the  S02  sorbed  into  the  polymer  film  is  removed 
during  desorption. 


A;-,  noted  by  Borens*5 ,  the  van  der  Waals  volume,  b,  of  a 
penetrant  serves  as  a  useful  measure  of  the  size  of  the  molecule. 
The  parameter,  b,  therefore,  is  a  useful  correlating  tool  for 
"infinite  dilution"  diffusion  coefficients  of  relatively 
noninteracting  penetrants  in  a  given  polymer,  since  it  is  more 
difficult  to  move  large  molecules  than  small  molecules  through  a 
given  environment.  Strong  interactions  of  the  penetrant  with  the 
polymer  could  reduce  the  Infinite  dilution  diffusion  coefficient 
by  imposing  a  large  activation  energy  for  execution  of  a  typical 
dlffusional  jump.  A  simple  correlation  for  infinite  dilution 
diffusion  coefficients,  1>0,  in  terras  of  b  is  shown  in  Figure  A. 

On  the  basis  of  this  plot,  we  anticipated  a  diffusion  coefficient 
for  ammonia  in  the  range  of  10“^  cm^/sec.  Such  a  diffusion 
coefficient  would  yield  an  equilibration  time  of  roughly  20 
minutes  for  a  0.5  mil  film.  As  will  be  discussed,  radically 
different  behavior  was  observed  with  extremely  protracted  uptake. 
Moreover,  total  desorption  was  not  possible,  leading  to  the 
hypothesis  of  a  chemical  reaction.  This  hypothesis  has  been 
verified  by  infrared  spectroscopy  work  which  will  also  be 
described. 
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Figure  A.  Correlation  of  diffusion  coefficients  at  infinite 
dilution  for  various  penetrants  in  Kapton®  at  30°C,  using  the  van 
der  Waals  volume,  b,  as  the  correlating  parameter.  Note  that 
both  the  H2O  and  NH-j  points  deviate  from  the  correlation  line  for 
the  nonreactive  gases. 


Coupled  Flckian  Transport  with  Chemical  Reaction 


For  cases  in  which  a  chemical  reaction  accompanies  the 
diffusional  invasion  of  the  penetrant,  the  transient  diffusion 
equation  may  be  written  as 


where  r  is  the  local  rate  of  consumption  of  the  invading  penetrant 
by  the  reaction  when  the  local  penetrant  concentration  is  C. 
Although  the  assumption  of  first  order  kinetics  simplifies  the 
analysis  of  the  response,  the  pseudo  first  order  approximation  may 
break  down  and  second  order  kinetics  must  be  considered,  when  a 
significant  fraction  of  the  functional  groups  in  the  polymer  are 
being  consumed  by  the  reaction.  For  the  case  where  psuedo  first 
order  kinetics  provides  a  satisfactory  description  of  the  reaction 
phenomenons,  the  approach  suggested  by  Danckwerts2  can  be  used  to 
model  the  combined  diffusion  and  chemical  reaction  process.  The 
mass  uptake  at  any  time,  t,  per  unit  cross  sectional  area  is 
termed  llt  and  can  be  represented  by  Equation  (5)  in  such  a  case: 


pc  D-l/ 

<  -  kt 

r  ° 

\ 

HI 

*  n*l  Tk^T)2  1 
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where  C0  is  the  equilibrium  solubility  of  penetrant  in  the  polymer 
in  the  absence  of  reaction,  and  k  and  D  are  the  local  first  order 
reaction  rate  constant  and  diffusion  coefficient  of  the  penetrant, 
respectively.  In  cases  where  D  is  concentration  dependent,  an 
average  value  of  the  coefficient,  averaged  over  the  interval  from 
zero  to  C0,  may  be  used  approximately.  The  film  thickness,  l,  and 
l)  and  k  combine  to  yield  the  composite  parameter 
%  ■=  n2D(2n+l)2/4t2.  Analysis  of  data  for  Mt  vs  t  permits 
evaluation  of  D  and  k  for  the  system'. 


RESULTS  AND  DISCUSSION 


Water  Vapor  Sorption 


Sorption  and  desorption  kinetics  for  water  vapor  in  2.0  mil 
Kapton®  at  two  different  activities  are  shown  in  Figures  5  and  6. 
The  low  activity  run  is  desu.l'. -d  well  by  the  Fickian  model,  and 
the  lines  through  the  data  points  were  calculated  using  average 
diffusion  coefficient  values  of  2.86x10“^  cm2/sec  and  2.43x10”^ 
cm2/sec  for  the  sorption  and  desorption  runs,  respectively.  The 
high  activity  run  in  Figure  6  indicates  that  only  about  98%  of 
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the  originally  sorbed  water  could  be  desorbed  from  the  film  even 
after  prolonged  evacuation.  The  line  through  the  sorption  data  in 
Figure  6  was  calculated  using  Equation  (5)  along  with  a  value  of  t> 
*  3.6U9xlO-^  cm^/sec  and  k  *=  9.027xlu-^  sec-*.  Since  the 
concentration  in  the  film  drops  rapidly  in  the  case  of  desorption, 
relatively  minor  amounts  of  reaction  should  occur  during  penetrant 
removal,  so  the  simple  nonreactive  desorption  model  represented  by 
Equation  (2)  was  used  to  calculate  the  line  through  the  desorption 
data.  For  the  desorption  data,  a  value  of  1)  *=  2.70xl0-^  cm^/sec 
was  evaluated  from  the  half-time  formula  (Equation  (3)),  and  M„ 
was  taken  to  be  simply  equal  to  the  actual  amount  of  penetrant 
desorbed  from  the  film.  Desorption  times  extending  for  very  long 
periods  (>  48  hours)  failed  to  remove  more  of  the  sorbed  water 
than  had  been  removed  after  the  400  minutes  shown  in  Figure  6.  The 
effective  values  of  the  diffusion  coefficients  estimated  from  the 
low  and  high  activity  runs  appear  to  be  of  the  same  magnitude. 
Therefore,  while  concentration  dependence  of  the  diffusion 
coefficient  is  clear  from  the  fact  that  the  normalized 
sorption/desorption  responses  do  not  superimpose  in  Figure  5,  the 
effect  is  not  too  large.  Moreover,  while  the  diffusion 


Figure  3.  Low  activity  normalized  sorption  (#)/desorption  (O) 
kinetic  runs  for  a  2  mil  Kaptonfe  film  at  30°C  and  at  a  H2O 
pressure  of  0.0103  atm.  Note  that  all  of  the  sorbed  H2O  is 
removed  during  desorption. 


coefficients  evaluated  from  the  low  activity  runs  (Figure  5)  are 
not  rigorously  characteristic  of  "zero  concentration"  conditions, 
it  is  clear  that  they  do  correspond  to  low  sorbed  concentration 
levels  and  their  average  value  is  reasonably  consistent  with  the 
data  in  Figure  4  for  relatively  noninteracting  penetrants.  The 
fact  that  die  diffusion  coefficient  for  water  lies  somewhat  below 
the  correlation  line  may  be  due  to  the  fact  that  hydrogen  bonding 
interactions  between  water  and  imide  groups  tend  to  increase  the 
activation  energy  for  diffusion,  thereby  reducing  the  value  of  D. 


t  (min) 


Figure  6.  Sorption  (#)/desorption  (O)  kinetic  run  for  a  2  mil 
ICapton®  film  (high  activity).  Note  that  at  desorption  equilibrium 
(M»)»  0*03  mg  H2O/IOO  mg  of  Kapton®  remained  in  the  film  after 
protracted  desorption  under  vacuum. 


The  small  value  of  the  reaction  rate  constant,  k,  determined  from 
the  lianckwerts  analysis  of  the  high  activity  run,  explains  why  the 
reaction  was  undetectable  in  the  low  activity  run.  An  increase  in 
the  temperature  of  measurement  might  increase  the  Importance  of 
the  reaction  significantly.  These  effects  are  currently  under 
investigation. 


Anhydrous  Ammonia  Sorption-0.5  mil  Sample 


The  sorption  and  desorption  runs  shown  in  Figure  7 
illustrates  clearly  that  a  considerably  different  response  is 
observed  for  sorption  of  anhydrous  ammonia  in  a  0.5  mil  Kapton 
sample  compared  to  water  or  S02*  Since  the  van  det  Waals  volume 
of  ammonia  is  37.1  cc/mole,  one  expects  the  effective  diffusion 
coefficient  for  ammonia  to  be  roughly  7x10“^  cm^/sec  on  the  basis 
of  size  alone.  The  sorption  equilibration  time  in  such  a  case 
would  correspond  roughly  to  25  minutes  (or  5  min^^).  Clearly, 
the  sorption  process  in  Figure  7  is  greatly  protracted  and  is 
still  occurring  at  14,400  min  (or  120  mln^^).  Furthermore, 
desorption  for  extended  periods  under  high  vacuum  (approximately 
12  days)  is  ineffective  for  the  removal  of  roughly  50%  of  the 
originally  sorbed  penetrant. 


Figure  7.  Sorption  (#)/desorption  (O)  kinetic  runs  for  a  0. 5  mil 
Kapton®  film  at  30°C  and  at  a  NH3  pressure  of  0.365  atm.  Note 
that  at  desorption  equilibrium,  1.49  mg  NH3/IOO  mg  of  Kapton®  (M^) 
remained  in  the  polymer  after  protracted  desorption  under  vacuum. 
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As  discussed  earlier  ,  the  point  of  attack  of  ammonia  appears 
to  be  the  imide  linkage,  as  illustrated  below: 


Based  on  the  magnitude  of  the  undesorbable  component  In  figure  7 
(Mk),  It  appears  that  approximately  17%  of  the  total  imide  groups 
in  the  sample  have  been  attacked  over  the  time  scale  of  the 
experiment.  A  similar,  but  much  less  extensive  reaction  involving 
h20  is  presumably  responsible  for  the  small  amount  of  undesorbable 
penetrant  shown  in  Figure  6.  In  the  case  of  water,  only  0.31%  of 
the  imide  groups  were  affected  over  the  time  scale  of  the 
experiment . 

The  Infrared  spectra  shown  in  Figure  8  suggest  thei  in  the 
case  of  ammonia,  the  long  terra  uptake  leading  to  the  undesorbable 
component  is  primarily  due  to  random  imide  scission  according  to 
the  above  reaction.  The  presence  of  the  Increased  absorbances  in 


as-received 

treated 


Wavenumber  c  m  ) 


Figure  8.  Infrared  spectra  of  the  as-received  and  the  NH3  exposed 
Kapton^  samples.  Note  the  Increased  absorbance  in  both  the 
1630-170U  cm  *  and  3200-3300  cm-^ regions,  consistent  with  the 
postulated  reaction  between  NH3  and  the  imide  structures. 
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the  range  1630-1700  cm-^  and  3200-3500  cm-^  are  characteristic 
primary  and  secondary  amides,  consistent  with  the  above  react! c 
Similar  infrared  scans  on  the  sample  corresponding  to  Figure  6 
revealed  no  significant  difference  from  the  as-received  film, 
presumably  since  only  0.31%  of  the  imide  structures  were  affect 
by  the  water  exposure. 

A  Danckwerts  analysis  of  the  sorption  run  in  Figure  7 
according  to  Equation  (5)  produced  values  for  0  ■=  1.29x10”^ 
cm^/sec  and  k  *  3.46x10”^  sec-^.  Again,  one  may  assume  that  sii 
the  sorbed  concentration  drops  rapidly  during  desorption,  any 
continued  reaction  occurring  during  penetrant  removal  may  be 
neglected  to  a  first  approximation.  In  this  case,  a  value  of  D 
2.35x10“^  cm^/sec  can  be  evaluated  from  the  half-time  formula  f 
desorption  (Equation  (3))  using  the  actual  amount  of  penetrant 
desorbed  from  the  film  for  the  value  of  M„. 

Although  the  above  two  estimates  of  diffusion  coefficients 
are  not  in  very  good  agreement,  it  is  clear  that  both  estimates 
suggest  that  the  mobility  of  NH3  lies  substantially  below  the 
level  expected  on  the  basis  of  simple  size  related  factors.  The 
extraordinarily  low  values  of  the  NH3  diffusion  coefficient 
relative  to  water  and  the  other  "noninteracting"  components  in 
Figure  4  nay  arise  from  dlffuslonal  resistance  caused  by  specific 
NHj/polymer  interactions.  Such  interactions  may  increase  the 
effective  activation  energy  for  diffusion,  thereby  hampering 
diffusive  motion. 

In  an  attempt  to  resolve  the  reason  for  the  large  difference 
(a  factor  of  18)  between  the  above  estimates  of  the  ammonia 
diffusion  coefficient  based  on  the  Danckwerts  analysis  and  the 
simple  desorption  analysis,  an  additional  study  of  this  system  was 
undertaken  using  thin  (0.3  mil)  films  for  comparison  with  the  0.5 
mil  case. 


Anhydrous  Ammonia-0.3  mil  Samples 

As  shown  in  Figure  9,  replicate  ammonia  sorption  runs  on 
identical  as  received  samples  of  0.3  mil  kaptorP'f  ilms  are  highly 
reproducible.  The  desorption  run  for  sample  I  in  Figure  9 
indicates  clearly  that  considerable  reaction  has  occurred  even 
after  200  minutes  for  the  0.3  mil  sample,  since  a  substantial 
amount  of  ammonia  (designated  as  (Hg)j)  is  irreversibly  retained 
in  the  film  after  prolonged  evacuation  times.  By  continuing  the 
sorption  experiment  for  11,500  minutes  with  sample  II  and  then 
desorbing,  the  irreversibly  retained  ammonia,  (Mg)i,  is  not 
increased  proportionally  to  the  reaction  periods  for  sample  1  and 
11.  It  is  clear,  therefore,  that  the  rate  of  reaction  slows 
markedly  as  time  progresses  although  only  a  small  fraction  (<14%) 
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Figure  9.  Replicate  Nn^  eorption/desorption  kinetic  runs  on 
identical  as-received  0.3  oil  Kapton®  films  (sample  1  -  sorption 
(C)/desorption  (<D);  sample  II  -  6orptlon  (#)/desorption  (O)). 
Note  that  as  sorption  time  (ts)  is  increased  from  200  min  (1)  to 
11,500  min  (11),  the  undesorbable  NHj  increases  from  0.584  mg 
NH-j/100  mg  of  Kapton®  t0  1»2j4  mg  NH-j/100  mg  of  Kapton® 

((Mr)ii>,  respectively. 


of  the  originally  present  tmtde  groups  have  been  attacked  even  for 
sample  11. 


If  one  performs  a  simple  Danckwerts  analysis  of  the  short 
time  data  for  sample  1  &  11  (<200  min),  values  of  1)  ■  2. 9x10“*' 
cm2/sec  and  k  *  191xl0~6  sec-*  are  obtained,  in  rather  poor 
agreement  with  the  0.5  mil  Danckwerts'  results  at  higher  activity. 
On  the  other  hand,  if  one  performs  a  Danckwerts  analysis  on  the 
long  term  run  for  sample  II,  values  of  D  ■  O.48xl0-*2  cm2/sec  and 
k  -  3.2xl0-°  6ec-*  are  obtained  which  are  in  reasonable  agreement 
with  the  long  terra  run  at  the  higher  activity  for  the  0.5  mil 
sample.  The  k  values  are  in  very  good  agreement,  and  the  somewhat 
higher  value  of  the  diffusion  coefficient  at  the  higher  activity 
for  the  0.5  mil  sample  may  simply  be  a  manifestation  of  the 
increase  in  D(C)  with  concentration  (or  activity).  As  will  be 
discussed  later,  however,  it  is  believed  that  the  short  term 
values  of  D  and  k  are  more  representative  of  physically  meaningful 
coefficients  rather  than  the  long  term  values  derived  for  both  the 
0.5  and  0.3  mil  samples. 


From  consideration  of  the  "locked-inM  concentrations  shown  in 
the  short  time  ((Mg)!)  and  long  time  ((MR)IX)  desorption  plots  for 
the  0.3  mil  film,  one  can  show  that  approximately  6.6%  of  the 
total  lmlde  groups  have  been  attacked  after  200  min,  while  13. 8% 
of  the  total  lmide  groups  have  been  attacked  after  11,500  minutes. 
It  appears  that  in  both  the  0.3  and  0.5  mil  film  the  lmlde  group 
reactivity  drops  dramatically  when  close  to  20%  of  the  groups  have 
been  reacted.  Recall  that  17%  of  the  groups  have  reacted  In  the 
0.5  mil  film  after  close  to  15,000  minutes  (Figure  7),  and  the  Mt 
vs  t  plot  had  flattened  out  greatly  at  that  point.  The  above 
suggestion  is  reasonable  in  light  of  the  fact  that  during  the 
curing  process.  Involving  closure  of  the  lmlde  rings,  the  solid 
polyamlc  acid  precursor  film  becomes  a  very  rigid  material  whose 
effective  Tg  rises  to  AOO’C,  which  is  well  above  the  150°C  curing 
temperatures.  In  such  a  case,  the  final  curing  process  is  likely 
to  Introduce  a  considerable  amount  of  unrelaxed  stress  in  the 
glassy  polymer  and  thereby  "labilize"  a  selected  fraction  of  the 
lmlde  groups.  Exposure  of  the  polymer  to  an  agent  such  as  NH-j 
then  provides  a  means  of  stress  relaxation  via  selective  lmlde 
scission.  It  has  been  shown  earlier  that  reheating  the  sample  to 


120-150'C  under  vacuum  causes  reimidlzatlon  as  proven  by  IK 
spectroscopy*1. 


Kapton®,  therefore,  has  an  interesting  ability  to  combine  a 
good  barrier  property  with  a  limited,  but  nontrivial,  capacity  for 
scavenging  of  undesirable  basic  pollutants  or  residuals  which 
might  otherwise  damage  the  component  being  covered  by  the  film. 

The  change  in  properties  such  as  modulus  and  Tg  resulting  from  the 
degradation  of  5-20%  of  the  lmide  groups  is  likely  to  be  rather 
modest  since  the  main  polymer  chain  stays  intact.  This  topic  is 


currently  under  study  and  will  be  reported  In  a  later  paper. 

The  disagreement  between  the  values  of  D  estimated  from 
desorption  using  Equation  (1)  and  from  the  standard  Danckwerts 
analysis  for  the  long  term  sorption  runs  in  the  0.3  and  0.5  mil 
samples  may  arise  from  a  breakdown  in  the  accuracy  of  the  assumed 
pseudo  first  order  kinetics.  If  the  initial  concentration  of 
"labilized"  groups,  Cjc,  amounts  to  only  202  of  the  total  imide 
groups  present,  the  pseudo  first  order  expression  in  Equation  (4) 
could  begin  to  fail  seriously  when  ammonolysis  reaches  52  of  the 
total  groups  (l.e.,  252  of  the  active  groups).  The  correct  form 
for  the  reaction  expression  in  such  a  case  would  be  given  by 
Equation  (6): 

r  -  k*CjC  (6) 

where  k*  is  a  true  intrinsic  rate  constant  for  reaction  of  a 
stress  activated  imide,  C  is  the  local  concentration  of  ammonia, 
and  C}  is  the  time  and  position  dependent  concentration  of  stress 
activated  imide  groups  in  Che  polymer.  Interestingly,  the 
Instantaneous  values  of  Cj  in  a  reacting  system  does  not 
necessarily  equal  the  difference  between  the  initial  number  of 
stress  activated  groups  (Cj0)  and  the  number  of  reacted  groups, 
since  stress  relaxation  accompanying  the  ammonolysis  may  a id  in 
deactivating  some  of  the  groups  that  originally  would  be 
candidates  for  attack.  Conversely,  if  the  film  is  exposed  to  a 
macroscopic  external  stress,  additional  lmldes  may  be  activated 
compared  to  the  unstressed  film.  The  situation  is,  therefore, 
potentially  very  complex  and  the  challenge  is  to  simplify  it  to 
the  point  where  useful  approximate  calculations  are  possible,  at 
least  for  an  unstressed  film.  Note  from  Table  1  that  in  the  limit 
as  t-*0,  the  D's  estimated  from  the  Danckwerts'  analysis  and  those 
from  the  desorption  half  time  analysis  become  similar  (200  min. 
run),  thereby  suggesting  that  the  diffusion  coefficients  estimated 
by  the  two  methods  (3-4xl0-^  cm^/sec)  are  physically  reasonable 
and  consistent.  It  appears  that  the  effect  noted  earlier  (with 
respect  to  an  activation  energy  increase  due  to  NHj/polymer 
interaction)  still  causes  the  diffusion  coefficient  for  ammonia  to 
fall  considerably  below  the  corrresponding  line  of  the 
noninteracting  penetrants  in  Figure  4. 

The  above  conclusions  are  reasonable  since  it  is  clear  that 
by  considering  only  short  time  cases  (such  as  in  Figure  9)  using 
the  Danckwerts  ai  •’lysis,  the  psuedo  first  order  reaction 
assumptions  become  valid.  Evaluation  of  k  Cj  for  a  series  of 
short  run  times,  followed  by  extrapolation  of  the  values  back  to 
t*0  will  then  permit  estimation  of  k*Ci0,  characteristic  of  the 
inherent  as-received  film.  The  value  of  CjQ  initially  can  be 
estimated  Independently  by  performing  a  series  of  long  term 
measurements  and  noting  the  asymptotic  limit  to  which  the 


undesorbable  component  appears  to  be  approaching.  On  the  basis  of 
the  limited  measurements  performed  here,  it  appears  that  this 
number  corresponds  to  roughly  2Ua  of  the  originally  present  imide 
links  at  30°C.  This  corresponds  to  Cj0  “  1.5x10"^  mole  activated 
imides  /cc.  If  one  assumes  that  the  value  of  k  *  k  Cj  determined 
from  the  200  minute  Danckwerts'  run  is  reasonably  representative 
of  the  initial  value,  then  the  value  of  the  Intrinsic  rate 
constant,  k  ,  can  be  calculated  to  be  0.13  cc/mole  sec.  Clearly, 
using  these  parameters  (or  more  carefully  determined  ones  as 
outlined  above),  the  complete  lll  vs_  t  response  can  be  derived  by 
straightforward  numerical  methods  for  any  film  thickness  or 
external  vapor  activity  of  Interest.  Similarly,  by  evaluation  of 
the  temperature  dependence  of  D  and  k*  (and  C^0  if  necessary),  the 
analysis  can  be  extended  to  cover  a  wide  range  of  temperatures  as 
well.  These  numerical  calculations  are  underway  and  will  be 
described  in  a  future  paper. 


Table  I:  Kinetic  Parameters  ^Uanckwerts  *  k  and  Dl)esorption  £or 
li.^0  and  NH^  Sorption  in  Kapton® Polyimiae  at  3U°C. 
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CONCLUSIONS 

Kapton*1'  polyimlde  displays  an  interesting  range  of  transport 
behaviors  at  30°C  ranging  from  simple  Fickian  diffusion  to  coupled 
diffusion  with  chemical  reaction.  The  relatively  noninteracting 
penetrants,  SO2,  CO2  and  U2  ex£*fbit  diffusion  coefficients  whose 
magnitudes  can  be  correlated  well  on  the  basis  of  the  relative 
molecular  sizes  of  the  penetrants.  In  the  case  of  water,  some 
evidence  for  physical  (hydrogen  bonding)  and  weak  chemical 
interactions  were  observed.  These  interactions  appeared  to  reduce 
the  effective  diffusion  coefficient  slightly  for  water  in  the  film 
compared  to  the  coefficient  expected  strictly  on  the  basis  of  size 
alone.  Polymer/penetrant  interactions  can,  in  principle,  reduce 
the  effective  diffusion  coefficient  by  increasing  the  average 
activation  energy  required  for  the  penetrant  to  execute  a 
dlffuslonal  jump.  Based  on  the  Eyring  theory  of  rate  processes, 
an  Increase  in  activation  energy  will  tend  to  reduce  the  diffusion 
coefficient . 


In  the  case  of  ammonia  sorption  into  Kapton®,  substantial 
chemical  interactions  are  apparent.  Infrared  spectroscopy  and 
gravimetric  sorption/desorption  measurements  were  effective  for 
monitoring  the  ammonolysls  reaction.  The  point  of  ammonia  attack 
appears  to  be  selected  imide  groups  which  comprise  a  relatively 
small  fraction  (~20%)  of  the  total  imide  group  population  present 
in  the  initially  cured  film.  It  is  suggested  that  a  fraction  of 
the  imide  groups  become  "activated"  or  "labilized"  during  the 
final  solid  state  curing  step  in  which  unrelieved  stresses  may  be 
Introduced.  The  ammonolysls  reaction  serves  to  relieve  these 
stresses  and  thereby  deactivate  the  remaining  imide  groups 
substantially.  It  appears,  therefore,  that  Kapton®  has  a  useful 
ability  to  combine  good  barrier  properties  (low  D’s  (Figure  1)) 
with  an  additional  nontrivial  capacity  for  scavenging  undesirable 
basic  pollutants  or  other  residuals  that  might  otherwise  damage 
the  component  being  protected.  A  complementary  approach  might  be 
used  to  protect  against  the  invasion  of  an  acidic  component  (e.g., 
H^S)  by  using  a  film  with  a  stress-activated  acid  sensitive 
group. 
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ABSTRACT 

A  model  Is  developed  for  simulating  the  performance  of  an  Isothermal 
hollow  fiber  gas  separator.  The  model  equations  are  solved  numerically 
as  a  boundary-value  problem.  Permeate  pressure  build-up  has  been 
considered  explicitly  and  concentration  dependence  of  the  permeabilities 
are  taken  Into  account  using  the  dual-mode  sorption  and  transport  models. 
The  effects  of  possible  penetrant  competition  according  to  the 
generalized  dual  mode  model  are  also  examined.  Utility  of  the 
computational  results  for  separator  module  design  Is  emphasized  for 
various  case  studies  using  "characteristic  curves*  which  represent  the 
relation  between  degree  of  separation  and  fast-gas  recovery.  The  effects 
on  separator  performance  caused  by  changes  In  fiber  dimensions  (Inside 
diameter,  outside  diameter  and  length),  feed  pressure,  membrane 
area  (number  of  fibers),  feed  composition  and  feed  flow  rate  are 
presented.  A  triple-separator  arrangement  for  the  separation  of  a 
12  X/88  X  CO2/CH4  mixture  Is  also  discussed  to  Illustrate  how  the  results 
of  single-stage  studies  can  be  readily  extended  to  multistage  design 
considerations. 

*  Author  to  whom  correspondence  should  be  addressed. 


INTRODUCTION  AND  BACKGROUND 


Successful  application  of  membranes  for  separation  purposes  depends 
upon  discovery  of  economically  competitive  membranes  with  high 
permselectlvltles  and  permeabilities.  On  the  other  hand,  engineering 
considerations  such  as  membrane  configurations  and  flow  patterns  of  the 
feed  and  permeate  streams  are  also  Important  In  determining  the 
performance  of  the  final  separator  system.  Recognition  of  this  fact  Is 
reflected  by  the  numerous  modeling  studies  reported  In  the  literature, 
Weller  and  Steiner  (1950),  Naylor  and  Backer  (1955),  Oishl  et  al. 

(1961),  Stern  et  el.  (1965),  Breuer  and  Kammermeyer  (1967),  Walawender 
and  Stern  (1972),  81a1sdell  and  Kammermeyer  (1973),  Pan  and  Habgood 
(1974),  Hwang  and  Kammermeyer  (1975),  Stern  (1976),  Antonson  et  el. 
(1977),  Stern  and  Wang  (1978),  Pan  and  Habgood  (1978),  and  Stern  (1979). 
In  most  studies,  however,  emphasis  has  been  focused  primarily  on  the 
calculation  techniques  and  comparison  between  different  Idealized  flow 
patterns.  The  present  paper  will  emphasize  the  effects  of  various  design 
and  process  variables  on  separator  performance  and  consider  the 
implications  for  optimal  hollow  fiber  separator  design.  Due  to  the  large 
number  of  possible  flow  arrangements,  the  discussion  in  this  paper  will 
be  confined  to  a  countercurrent,  shell-feed,  hollow  fiber  separator. 
However,  the  general  approach  can  be  applied,  with  slight  modifications, 
to  other  situations  Including  spiral-wound  or  flat  membrane  systems. 
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Hoi  low  fibers 


The  inside  (ID)  and  outside  (00)  diameters  of  typical  fibers  are  In 
the  ranges  of  80  to  300  ..m  and  300  to  1000  -m,  respectively,  and  the 
length  has  been  reported  to  be  up  to  16  ft,  Gerow  (1974),  Klein  et  al. 
(1977).  Due  to  the  small  cross  section,  a  large  number  of  fibers  can  be 
packed  into  separators  with  moderate  diameters  to  provide  a  large 
membrane  area  per  unit  volume  (>10,000  m^/m^),  Gerow  (1974).  In  contrast 
to  flat  membranes,  hollow  fibers  are  self-supporting.  The  maximum 
external  or  internal  pressures  at  which  they  can  be  operated  are 
determined  by  the  modulus  of  the  membrane  material,  the  ratio  of  fiber  00 
and  ID,  and  the  detailed  structure  of  the  asymmetric  membrane.  An 
approximate  analysis  can  be  made  by  assuming  the  hollow  fiber  to  be  a 
homogeneous  and  isotropic  elastic  tube  as  suggested  by  Stern  et 
al.  (1977),  Varga  (1966)  and  Thorman  et  al.  (1978). 

The  selective  dense  layer  on  the  outside  region  of  the  hollow  fiber 
is  normally  very  thin  (<1,500A)  and  fragile.  Unless  the  elastic  modulus 
of  the  material  is  large,  the  dense  layer  may  be  ruptured  by  the  dilation 
action  when  the  fiber  is  pressurized  internally.  The  shell-feed  mode  in 
which  the  fiber  Is  pressurized  externally,  consequently  is  of  most 
commercial  interest. 

When  operated  at  high  permeation  rates,  pressure  build-up  in  the 
fiber  bore  is  substantial  for  smaller  fibers(e.g.  <100  ;i»).  The 
increase  in  bore-side  pressure  will  deminish  the  permeation  driving 
pressure  differences  across  the  membrane  wall  and  will  lower  the  overall 
production  rate  and  undermine  selectivities  compared  to  cases  with  milder 
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pressure  profiles  even  If  the  operating  conditions  are  the  same. 
Optimization  of  fiber  dimensions  (diameter  and  length)  becomes 
particularly  Important  for  these  systems. 


Permeability 

The  permeability  and  selectivity  of  an  asymmetric  membrane  can  be 
affected  not.  only  by  the  dense  layer,  but  also  by  the  porous  sublayer. 
Moreover,  even  the  permeability  of  the  dense  layer  is  subject  to 
complications  caused  by  gas  phase  pressure  and  composition  variations 
particularly  when  the  selective  layer  of  the  membrane  is  made  of  glassy 
polymers,  Chern  et  al.  (1983,  1984).  Time  dependent  behavior, 
presumably  associated  with  compaction  of  the  porous  support  layer  of  the 
spiral-wound  asymmetric  membrane,  has  been  observed  by  Coady  and  Davis 
(1982).  These  effects  are  likely  to  be  equally  important  for  both  flat 
membranes  and  hollow  fibers.  Well  characterized  experimental  data 
regarding  the  effect  of  asymmetry  of  membrane  structures  are  generally 
lacking  although  a  useful  simplified  mathematical  description  has  been 
performed  by  Slrkar  (1977).  For  simplicity,  in  the  following  model 
development,  the  effect  of  asymmetry  will  be  neglected,  and  the  dual-mode 
transport  model  will  be  used  to  represent  the  apparent  permeability  of 
penetrant  i.  The  dual-mode  transport  model  postulates  that  the  diffusive 
flux  of  a  penetrant  is  the  su...  ui'  two  contributions:  one  contributed  by 
the  concentration  gradient  of  the  dissolved  mode,  the  other  is  due  to  the 
concentration  gradient  of  the  additional  mode  in  the  microviods  of  the 
glassy  polymer.  The  observed  pressure  and  composition  dependency  of  the 


pe-meabl 1 ities  of  gas  mixtures  can  be  attributed  to  competition  between 
pe-.et’-ants  for  the  limited  microvoid  sorption  capacity  In  the  glassy 
po'ymer.  The  local  permeation  flux  of  penetrant  A  according  to  this 
model  is: 

without  competition 
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Definition  of  terms  is  summarized  in  the  NOTATION  Section.  Of  course, 
other  empirical  or  theoretical  expressions  for  the  pressure  and 
composition  dependence  of  the  permeability  could  also  be  used. 

MODEL  DEVELOPMENT 

Major  assumptions  made  in  the  development  of  the  model  equations 

are: 

1.  Isothe  . al  operation  with  shell-feed  and  negligible  pressure  drop  in 
the  shell  side. 


2.  The  differential  form  of  the  Kagen-Poiseui lie  equation  is  valid  for 


describing  the  permeate  stream  pressure  variation  inside  the  fiber 
bore.  This  Is  based  on  Berman's  study  of  Incompressible  laminar 
flow  In  permeable  tubes  with  constant  injection  at  the  tube  wall, 
Berman  (1953).  Pan  and  Habgood  (1978)  suggested  that  as  long  as  the 
parameter  (tube  ID) ( local  permeate  flux)/(viscos1ty)  is  smaller  than 
one.  It  is  a  reasonable  approximation.  This  assumption  was  also 
adopted  by  Antonson  et  al.  (1977)  and  Chern  (1983).  On  the  other  hand, 
Thorman  and  Hwang  (1978)  have  combined  expressions  for  compressible 
flow  in  an  impermeable  tube  and  incompressible  flow  in  a  permeate 
tube  using  a  first-order  perturbation  technique  to  describe  the 
momentum  balance.  Direct  experimental  verification  of  the 
above  two  approaches  has,  however,  not  been  reported. 

3.  The  permeability  of  the  selective  layer  to  each  penetrant  obeys 
the  dual-mode  transport  model  (Eqs  1  and  2).  Eq  1,  with  pi=0,  has 
been  used  successfully  to  describe  pressure  dependent  permeabilities 
generally  observed  for  pure  gas  permeation  in  glassy  polymers  in  the 
absence  of  strong  plasticization  effects,  Chern  et  al.  (1983).  Eq  2 
will  be  used  to  evaluate  the  importance  of  penetrant-competition  for 
a  binary  mixture. 

4.  The  porous  sublayer  has  a  negligible  resistance  to  permeation. 

5.  Negligible  gas-phase  concentration  gradients  exist  in  the  permeation 
direction;  i.e.,  no  concentration  polarization. 

6.  Both  the  feed  and  the  permeate  streams  are  plug-flow  and  rapid  radial 
mixing  occurs  such  that  the  gas  phase  composition  next  to  the 
permselective  membrane  is  equal  to  that  in  the  bulk  stream. 


Pan  (1983)  has  raised  some  doubts  regarding  the  validity  of 
assumption  6  when  high  flux  asymmetric  membranes  are  used.  He  proposed 
that  local  fluxes  should  be  similar  to  the  characteristics  of  cross  flow 
pattern  for  the  high  flux  asymmetric  membrane  used  in  his  experiment; 
i.e.,  the  local  flux  Is  not  affected  by  the  bulk  composition  of  the 
permeate.  For  a  He/CH4  mixture  with  Yne=  0.82%,  Pan  (1983)  reported  that 
the  performance  of  a  separator  operated  at  low  stage  cut  (<  3%)  are 
roughly  the  same  for  countercurrent  and  cocurrent  flow  arrangements. 

Slight  modifications  in  the  following  model  equations  will  be 
required  if  the  validity  of  assumption  6  is  in  doubt.  However,  due  to 
the  unavailability  of  quantitative  information  regarding  the  resistance 
of  the  porous  support  layer,  no  further  discussion  will  be  pursued  in 
this  paper.  Although  the  computational  results  will  be  different  from 
those  presented  below  if  assumption  6  is  not  valid,  similar  parametric 
analyses  could  be  adopted  for  generating  useful  information  for  design 
purposes. 

The  highly  idealized  picture  in  accord  with  assumptions  1,  2  and  3 
is  depicted  in  Figure  1.  It  is  equivalent  to  postulating  that  different 
asymmetric  hollow  fibers  with  different  ID  can  be  prepared  with  a  fixed 
"effective"  thickness  of  the  dense  layer  possessing  the  same  permeability 
characteristics.  As  a  result,  for  a  fixed  driving  pressure  across  the 
fiber  wall,  the  "permeation  rate"  depends  on  the  effective  thickness  of 
the  dense  layer,  but  is  not  affected  by  the  value  of  ID.  This 
idealization  will  allow  an  independent  investigation  of  the  effects  of 
fiber  ID,  free  from  complications  due  to  changes  in  permeation  resistance 


of  the  fiber  wall. 


Model  Equations 

Antonson  et  al.  (1977)  and  Pan  and  Habgood  (1978)  have  developed 
model  equations  for  constant-permeability  systems  and  solved  them  as  an 
Initial-value  problem  for  design  calculations  where  the  length  of  the 
separator  was  to  be  determined.  However,  the  length  of  fibers  normally 
Is  predetermined  by  other  design  considerations  such  as  permeate  pressure 
build-up  and  module  fabrication  cost.  The  advantage  of  being  able  to 
treat  the  fiber  length  as  a  dependent  variable  for  determining  the 
overall  membrane  area  requirement  is,  consequently,  largely  diminished. 
That  is,  practically,  membrane  area  for  a  given  separation  task  will  be 
provided  by  controlling  the  total  number  of  fibers  of  predetermined 
length  In  a  separator  module  and  the  number  of  modules  to  be  used. 

Since  the  material  and  momentum  balances  for  the  countercurrent 
arrangement  Is  intrinsically  a  boundary-value  problem,  Chern  (1983)  has 
proposed  an  alternative  approach  using  a  boundary-value  algorithm  for 
finite-difference  equations  as  developed  by  Newman  (1973).  This  latter 
method  can  be  readily  extended  to  multicomponent  systems  without 
rearranging  the  original  material  and  momentum  balances  (c.f.  Pan 
Habgood  (1978)).  According  to  the  schematic  diagram  shown  in  Figure  2, 
the  following  equations  can  be  written: 


Bort-slde  material  balance 


[Na  w  ID  3  Cl  -  H(z- 


[Nb  »  ID  ]  [1  -  H(2-2w)] 


(3) 

(4) 


where  H(z-zw)  Is  the  unit  step-function  which  Is  needed  since  there  Is  no 
permeation  In  the  potted  section  of  the  fiber;  and  Ng  are  as  given  In 
Equations  1  or  2  depending  on  whether  competition  effect  Is  considered  or 
not. 


The  local  molar  flow  rate  of  component  1  In  the  permeate  and  in  the  shell 
side  per  fiber  are  represented  by  mp1  and  mfi,  respectively;  mp  is  the  total 
molar  flow  rate  in  the  fiber;  R  Is  the  gas  constant;  and  v  Is  the  viscosity 
of  the  gas  mixture  which  Is  calculated  according  to  the  expressions  suggested 
by  Reid  et  al.  (1977) 


The  boundary  conditions  for  equations  (3)  ^nd  (4)  are  set  at  2  •  0,  yet 
that  for  equation  (5)  Is  set  at  z  »  z^ 

z  •  0  mPA  "  mPB  '  0 

z'2L  pl  P1 ,L 

The  overall  material  balances  for  components  A  and  B  at  any  location  z 
In  the  fiber  are  the  remaining  balance  equations  required 

mfA  *  mfA,0  +  mpA 
mfB  "  mfB,0  +  mpB 

Equations  (8)  and  (9)  are  used  to  determine  the  local  shell-side  partial 
pressures  of  A  and  B  for  use  in  since  +  mfj) 

Equations  (3),  (4)  and  (6)  with  equations  (5)  and  (7)  constitute  a 
boundary-value  problem.  However,  since  the  equations  are  coupled  and  since 
the  shell-side  molar  flowrates  are  known  only  at  z^,  two  additional,  trivial 
ordinary  differential  equations  are  Introduced  to  utilize  Newman's  procedure. 


which  are  subject  to  the  boundary  condition  at  zL,  respectively: 

mfA,0  +  mpA.zL  *  mfA,f 

mfB,0  +  mpB.zL  *  mfB,f 

Equations  (10)  and  (11)  along  with  (3),  (4)  and  (5)  were  solved  as  a 
coupled  boundary-value  ordinary  differential  equation  system  of  5  unknowns 
after  non-dimensional izati on  and  linearization.  The  detailed  operations 
were  described  by  Newman  (1973)  and  White  (1978). 


The  linearized  forms  of  Eqs  3  through  11  together  with  the  boundary 
conditions  listed  above  can  be  used  directly  for  solving  the  typical 
performance-evaluation  problem.  Namely,  the  pressure,  composition  and 
flow  rate  of  the  feed  stream  and  the  premeate  pressure  are  assigned.  The 
task  is  to  determine  the  flow  rate  and  composition  of  the  residue  and  the 
permeate  streams  for  a  given  separator.  For  design  calculations,  for 
example,  if  membrane  area  is  unknown  but  the  ratio  of  the  permeate  flow 
rate  to  the  feed  flow  rate  is  assigned,  one  needs  to  include  either  an 
Interpolation  or  an  optimization  scheme  in  the  main  program  since  a 
systematic  variation  of  the  coefficients  in  these  equations  will  be 
required. 

Note  that  the  potted  length  (zl~zw)  does  not  contribute  to  the 
separation  but  instead  provides  extra  length  for  permeate  pressure 
build-up.  Clearly,  it  should  be  made  as  short  as  allowed  by  module 
integrity  and  leak-free  considerations. 

COMPUTATIONAL  RESULTS  AND  PARAMETRIC  STUDIES 

Separator  specifications  used  in  the  calculation  are  shown  in 
Table  1  unless  stated  otherwise.  Experimental  permeability  data  In  terms 
of  the  dual-mode  parameters  which  have  been  reported  by  Toi  et  al. 

(1982),  Erb  and  Paul  (1981),  and  Koros  et  al.  (1977)  are  summarized  in 
Table  2. 

Characteristic  Curves  A  very  informative  presentation  of  the 
performance  of  a  given  type  of  separator  is  to  plot  the  fast-gas  (the 


higher  permeability  penetrant)  concentration  In  the  permeate  product  and 
the  slow-gas  concentration  in  the  residue  product  as  functions  of  the  fractional 
fast-gas  recovery  Into  the  permeate  product.  These  curves  will  be  called 
the  "characteristic  curves"  and  will  be  used  to  indicate  the  effects  of 
varying  one  of  the  several  Important  design  and  operating  variables. 

Fiber  Dimensions  and  Pressure  Build-up  in  the  Fiber  Bore  As  apparent 
from  Eq  5,  friction  loss  in  the  fiber  bore  can  be  significant  If  the  bore 
diameter  is  small  and  the  permeate  flow  rate  (mp)  is  high.  In 
Figure  3(a),  the  "driving"  pressure  Pi*  P2i _P 1  i )  profiles  of  CO?  for 
three  different  fiber  bore  sizes  (ID=50,  100  and  150  jm)  are  compared 
with  the  case  where  permeate  pressure  Is  constant.  Permeability  data  for 
polysulfone  are  used  in  the  calculation;  the  separator  dimensions  are 
shown  in  the  figure  caption  and  In  Table  1.  Except  for  fiber  ID,  all  the 
other  operating  variables  are  the  same  for  the  four  cases.  The 
constant-permeate-pressure  results  can  easily  be  obtained  by  letting  Eq  5 
equal  to  zero  while  keeping  all  the  other  equations  intact;  it 
corresponds  to  the  most  favorable  driving  pressure  profile  at  the  given 
operating  conditions.  The  loss  of  CO2  driving  pressure  toward  the 
residue  end  for  this  latter  case  is  due  solely  to  depletion  of  CO2  from 
the  feed  stream  as  more  and  more  CO2  molecules  permeate  to  the  bore  side 
of  the  fiber.  Partial  pressu«c  profiles  of  CO2  in  the  shell  and  the  tube 
sides  are  contrasted  in  Figure  3(b)  for  two  extreme  cases;  one  with 
significant  permeate  pressure  build-up,  the  other  with  negligible 
pressure  build-up. 


The  deleterious  effects  of  diminished  CO2  partial  pressure 
difference  are  reflected  In  the  characteristic  curves  shown  In  Figure  4. 
If  the  feed  Is  lean  In  CO2,  the  separator  with  10*150  vm  produces  much 
higher  purity  permeate  product  at  the  same  CO2  recovery.  The  difference 
is  not  as  great  when  the  feed  stream  Is  rich  In  CO?.  This  Is 
understandable  since  the  permeate  purity  is  determined  by  the  relative 
permeation  fluxes  of  the  fast-  and  the  slow-  gases.  If  the  feed  Is 
originally  rich  in  CO2  and  the  feed  pressure  Is  reasonably  high,  the  said 
ratio  will  not  be  drastically  decreased  In  the  presence  of  permeate 
pressure  build-up. 

Due  to  reduction  in  the  driving  force  when  smaller  fiber  Is  used, 
much  larger  membrane  area  is  needed  to  affect  the  same  CO?  recovery  from 
a  given  feed  rate  even  if  the  feed  is  rich  In  CO?,  as  shown  In  Figure  5. 
For  the  system  In  Table  3,  more  than  two-fold  decrease  in  the  permeate 
production  rate  results  from  a  change  in  ID  from  150  to  50  un  while  the 
permeate  and  the  residue  purities  are  lowered  by  5.7*  and  27*, 
respectively.  This  reduction  In  permeate  production  capacity  Is  caused 
mainly  by  the  decrease  in  CO?  recovery.  There  is  also  dramatic  Increases 
in  the  CH4  driving  pressure  ( i  PCH 4)  across  the  fiber  wall  as  shown  in 
Figure  6  when  larger  fiber  ID  is  used.  However,  due  to  the  much  lower 
permeability  of  CH4,  the  ratio  of  the  CH4  recovery  to  the  CO?  recovery  is 
actually  decreased  with  increasing  ID  values,  even  if  the  CH4  recovery 
itself  increases  from  3.8  to  5.2*  as  indicated  in  the  last  column  of 


Smaller  fiber  outside  diameters  with  a  fixed  10  will  lower  the 
permeate  flow  rate  per  fiber  roughly  proportional 1y  with  a  concomitant 
decrease  In  permeate  pressure  build-up  If  the  characteristic  thickness 
remains  the  same.  It  will  also  Increase  more  than  proportionally  the 
number  of  fibers  which  can  be  accomodated  In  a  module  of  a  given 
diameter.  The  net  result  Is  higher  permeate  production  capacity  per  unit 
volume  and  higher  permeate  purity  at  the  same  fast-gas  recovery. 

Clearly,  in  principle,  fibers  with  small  OD  and  large  ID  should  be  used. 
The  absolute  values  of  these  two  dimensions  will  depend  on  the  magnitude 
of  the  expected  permeate  flow  rate  per  fiber  and  certainly  the 
fabrication  technology  and  mechanical  strength  considerations. 

Whenever  the  permeate  pressure  build-up  Is  expected  to  be 
nontrivial,  care  should  be  taken  to  avoid  excessive  fiber  length.  This 
Is  Illustrated  In  Table  4  where  a  fiber  with  ID-50  ym  Is  used.  Due  to 
the  permeate  pressure  build-up,  doubling  the  total  membrane  area  by 
Increasing  the  fiber  length  results  in  no  significant  Improvement  In 
module  performance.  On  the  other  hand,  for  the  case  with  no  permeate 
pressure  build-up,  a  two-fold  increase  in  fiber  length  results  in  roughly 
601  more  permeate  with  a  slight  deterioration  in  its  purity  as  also  shown 
in  Table  4. 

feed  Composition  The  effev.w»  of  feed  composition  variations  on 
separator  characteristics  are  Illustrated  in  Figure  7.  The  permeate 
product  purity  is  sensitive  to  the  initial  fast-gas  mole  fraction 
particularly  when  the  feed  Is  relatively  lean  in  the  fast-gas  as 
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Indicated  by  the  significant  change  from  curve  1  to  curve  2  In  Figure  7. 
The  residue  characteristic  curves  converge  towards  unity  as  the  CO2 
recovery  approaches  one  while  the  permeate  characteristic  curves 
asymptote  to  their  respective  limiting  values  at  zero  CO2  recovery.  This 
limiting  permeate  product  purity  Is  determined  by  the  feed  composition, 
operating  conditions,  separator  dimensions  and  membrane  selectivity. 

Membrane  area  required  to  effect  the  same  fractional  fast-gas 
recovery  is  also  sensitive  to  feed  stream  composition  as  shown  In 
Figure  8.  There  is  little  difference  in  area  requirement  for  feeds  with 
CO2  mole  fraction  greater  than  0.45  when  the  separator  Is  operated  at 
smaller  than  0.3  CO2  recovery.  However,  the  difference  increases 
significantly  at  higher  recoveries  because  ipco^  along  the  fiber  length 
is  higher  for  a  more  concentrated  feed.  Together  with  higher  attainable 
permeate  product  purity  discussed  earlier,  this  explains  largely  why 
available  reports  indicate  that  the  membrane  process  Is  more  competitive 
with  conventional  processes  when  the  feed  has  a  higher  fast-gas 
concentration,  Youn  et  al.  (1982),  Goddln  (1982). 

Feed  Pressure  The  effects  of  feed  pressure  on  the  performance  of  a 
separator  is  shown  in  Figure  9.  Raising  the  feed  pressure  results  In  a 
higher  purity  permeate  product  at  the  same  CO2  recovery,  although  the 
extent  of  the  increase  diminishes  at  higher  feed  pressures. 

Interestingly,  the  residue  characteristic  curve  of  CH4  is  rather 
insensitive  to  the  feed  pressure  at  fixed  CO2  recoveries.  Oue  to  the  low 
permeability  of  polysulfone  to  CH4,  the  amount  of  CH4  lost  to  the 


permeate  Is  low  enough  such  that  higher  feed  pressure  does  not 
significantly  change  the  residue  composition  at  the  same  fractional  CO2 
recovery.  The  relative  membrane  area  requirement  for  different  feed 
pressures  Is  compared  In  Figure  10.  Clearly,  less  membrane  area  Is 
needed  to  affect  the  same  CO2  recovery  whenever  higher  feed  pressure  Is 
used. 

The  Effects  of  Composition  Dependent  Permeabl 1 1 ty  There  are  some 
experimental  data  Indicating  the  existence  of  competition  between 
penetrants  In  accordance  with  the  postulations  of  the  generalized 
dual-mode  transport  model  (Eq  2),  Chern  et  al.  (1983).  It  is  of 
interest  then  to  examine  the  magnitude  of  this  competition  effect  on  the 
overall  performance  of  an  actual  separator.  This  Is  Illustrated  in 
Tables  5  and  6  where  the  performance  of  the  same  separator  is  evaluated 
based  on  both  the  "competition"  and  "no- competition"  assumptions  (Eqs  2 
and  1,  respectively).  As  expected,  competition  of  penetrants  for  the 
available  sorption  sites  In  the  polymer  results  in  lower  permeate 
production  rate. 

In  Table  5,  competition  actually  results  in  higher  permeate  purity 
which  Is  also  Indicated  by  the  local  CO2/CH4  wall  flux  ratios.  The 
change  In  separator  performance  as  reflected  in  the  values  of  stage-cut, 
permeate  purity,  residue  pur>c/  and  permeate  production  rate  is,  however, 
relatively  small  (<5%)  for  the  CO2/CH4  mixture/polysulfone  system  shown 
in  Table  5.  The  effects  are  somewhat  more  significant  for  the  He/CHa 
mixture/polycarbonate  system.  Roughly  a  14%  decrease  in  the  permeate 


purity  results  from  competition  when  the  feed  Is  dilute  In  He  (such  as 
many  natural  gases).  For  a  feed  containing  relatively  higher 
concentration  of  He,  the  change  returns  to  the  5  to  6X  level  as  shown  In 
Table  6. 

Application  of  the  Single  Stage  Analyses  Although  multiple-separator 
design  is  not  the  main  theme  of  this  paper,  the  following  discussion  Is 
intended  to  Illustrate  the  utility  of  the  previous  single-stage  analyses. 
Typical  of  all  rate-determined  unit  operations,  membrane  separation 
suffers  the  depletion  of  separating  driving  force  (l.e.  partial  pressure 
difference)  along  the  unit.  As  shown  in  Figures  4,  7  and  9,  even  with  a 
fairly  permselective  membrane,  high  purity  permeate  product  can  not  be 
produced  using  a  single-stage  separator  unless  CO2  partial  pressure  In 
the  feed  stream  Is  maintained  sufficiently  large. 

For  systems  such  as  In  helium  recovery  from  natural  gas  where  the 
Initial  concentration  of  He  Is  normally  <lt,  multiple-compression  stages 
are  often  necessary.  Moreover,  If  both  high-purity  permeate  and  residue 
products  are  desirable,  additional  stripping  stages  would  be  required, 
though  not  necessarily  compression  stages.  The  "continuous"  membrane 
column  originated  by  Pfefferle  (1964)  and  refined  by  Hwang  and 
Thorman  (1980)  and  Thorman  (1979)  Is  an  exception  (where  each  unit 
includes  one  stripping  module  and  one  enriching  module  with  very  large 
permeate  product  recycle). 


Since  systems  with  more  than  three  compression  stages  have  been 
reported  to  be  unattractive  with  respect  to  both  capital  and  operating 
cost,  a  conventional  cascade  design  with  three  stages  will  be  discussed. 
Figure  11  Is  an  example  of  one  of  many  possible  schemes  for  producing 
high-purity  CH4  and  CO2  products  from  a  CO2/  CH4  mixture  with  Yqoo«  0.12. 

L. 

Permeability  data  of  dense  polysulfone  at  35° C  are  used  In  the 
calculation.  Other  pertinent  data  are  indicated  In  the  figure  and 
Tables  1  and  2. 

Feed  pressures  of  the  various  stages  are  determined  according  to  the 
characteristic  curves  similar  to  those  shown  in  Figure  9  for  different 
feed  compositions.  For  the  enriching  section,  the  objective  Is  to  find 
the  minimum  feed  pressure  needed  to  produce  permeate  product  of  desired 
purity  when  the  separator  Is  operated  at  a  reasonable  CO2  recovery,  given 
the  anticipated  range  of  feed  rate.  This  procedure  can  be  carried  out  as 
long  as  the  dimensions  of  the  hollow  fibers  are  predetermined,  which  Is  a 
typical  case.  As  indicated  In  Figure  9,  except  for  low  feed  pressure 
ranges  (or  more  precisely,  the  ratio  P2f/Pli)  and  very  hi9h  C&2 
recoveries,  the  permeate  product  purity  is  not  very  sensitive  to  the  feed 
pressure.  Consequently,  it  is  not  difficult  to  choose  this  near-optimal 
feed  pressure  and  membrane  area  for  a  given  feed  and  fiber  dimensions. 

For  the  stripping  section,  the  objective  Is  to  minimize  area 
requirement  and  CH4  loss  to  the  permeate  stream.  As  already  shown  in 
Figures  9  and  10,  higher  feed  pressure  lowers  the  membrane  area 
requirement  while  affecting  only  slightly  the  residue  purity.  The 
residue  purity  Is  primarily  dependent  on  the  feed  composition  as 


indicated  in  Figure  7,  but  higher  feed  pressure  will  hasten  the  depletion 

of  CO?  and  thus  decrease  the  loss  of  CH4  to  the  permeate  stream  for  a 

target  residue  purity.  The  feed  pressures  of  the  stripping  stages  are 
then  determined  by  a  balance  between  costs  associated  with  membrane  area, 
compression  and  CH4  losses. 

The  two  parallel  modules  in  the  feed  stage  are  used  to  strip  as  much 
CO?  as  possible  while  producing  a  permeate  product  of  slightly  more  than 
60  mole  *  CO?.  This  target  CO?  mole  fraction  is  determined  from  the 
characteristic  curve  (curve  3)  in  Figure  7.  Clearly,  at  the  given 
conditions,  a  feed  stream  of  at  least  60  X  CO?  Is  needed  for  producing  a 
final  permeate  product  of  greater  than  95X  CO?  from  the  second 

compression  stage  at  a  reasonably  high  CO?  recovery  .  On  the  other  hand, 

no  further  compression  Is  required  In  the  stripping  section  where  It  Is 
relatively  easy  to  produce  a  residue  product  of  greater  than  98X  CH4. 
Again  we  resort  to  the  characteristic  curves  and  choose  the  minimum  CO? 
recovery  to  minimize  CH4  loss  while  keeping  the  residue  purity  above  98X 
CH4. 

In  general,  the  feed-stage  in  a  cascade  should  be  operated  at 
maximum  recovery  of  the  most  permeable  component(s)  while  maintaining  a 
high  enough  purity  such  that  few  enriching  stages  will  be  required  to 
satisfy  the  final  permeate  purity.  This  would  maximize  fast-gas 
production,  and  minimize  waste  of  membrane  area  and  recompression  of  the 
recycled  permeate  stream(s)  in  the  stripping  section. 


To  ensure  reasonable  process  flexibility  for  handling  feed  rate  and 
composition  fluctuations,  several  optional  designs  may  be  Included;  for 
example,  (A)  feed  pressures  to  the  various  stages  may  be  allowed  to 
change  over  a  range  of  values,  (B)  part  of  the  final  permeate  product  may 
be  recycled  to  the  feed  port  of  the  last  enriching  stage  to  boost  Its 
feed  concentration  as  reported  by  Pan  and  Habgood  (1978)  and  Teslik  and 
Slrkar  (1981),  and  (C)  some  limited  independent  manipulation  of  stage  cut 
may  be  provided  by  using  several  parallel  smaller  modules  In  each  stage 
which  can  be  turned  on  or  off  according  to  process  requirements.  The 
last  option  may  not  be  very  desirable  because  of  increased  module  cost. 
Option  (B)  is  a  viable  means  of  increasing  the  purity  of  the  final 
permeate  product  but  it  also  causes  significant  reductions  In  the  overall 
permeate  production  rate  and  increases  In  the  compression  load.  Option 
(A)  appears  to  be  the  most  effective  approach  for  providing  process 
flexibility.  However,  a  combination  of  these  options  may  be  needed  if 
the  feed  rate  and  composition  fluctuate  significantly. 

CONCLUSIONS 

Treating  the  model  equations  as  a  boundary-value  problem  is  shown  to 
be  an  effective  approach  for  membrane  separator  design  calculations. 

Other  than  the  obviously  impoi  ua..c  variables  such  as  the  thickness  of  the 
selective  layer  and  membrane  permeability,  fiber  ID,  OD  and  length  are 
shown  to  be  very  important  in  determining  the  performance  cf  the  final 
separator  module.  In  particular,  for  a  given  fiber  outside  diameter  it 


Is  clear  that  large  fiber  ID  should  be  used  In  order  to  minimize  permeate 
pressure  build-up  which  is  deleterious  in  terms  of  both  productivity  and 
selectivity.  The  mechanical  strength  certainly  must  be  considered  as 
well,  but  even  with  moderately  permeable  membranes,  an  Inside  diameter 
smaller  than  100  microns  can  be  undesirable.  This  consideration  is  even 
more  important  for  membranes  with  higher  permeabilities.  Pressure  and 
composition  dependence  of  the  penetrant  permeabilities  as  described  by 
the  dual-mode  transport  model  (Eqs  1  and  2)  has  been  included  in  the 
model  equations.  Under  the  same  operation  conditions.  Inclusion  of 
penetrant-competition  (Eq  2)  results  in  roughly  5  to  14*  change  in  most 
of  the  dependent  variables  compared  with  the  "no  competition"  case  (Eq  1) 
for  the  systems  examined.  Finally,  an  example  of  a  multiple-separator 
system  Is  given  to  emphasize  the  importance  of  the  single  stage  analyses. 
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00=  300  um.  Feed  rate*  126,374  SCFH.  pn_=  44.1  psia. 
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11  Example  of  a  two-compression-stage  separator  system. 
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NOTATION 


ODA.  ^DA. 
fa.  C'ha, 


total  membrane  area  In  a  separator  module 
bA  dual-mode  parameters  of  A,  see  Table  2 


ID,  OD  Inside  and  outside  diameter  of  the  hollow  fiber 
H(z-zw)  the  unit  step-function 

1  the  "effective"  thickness  of  the  asymmetric  fiber  wall 

fflf Atf  initial  molar  flow  rate  of  A  in  the  feed  per  fiber 

mPA  local  molar  flow  rate  of  A  In  the  fiber  bore  per  fiber 

mp  local  total  permeate  molar  flow  rate  per  fiber 

MT  membrane  type 

"A  local  permeation  flux  of  component  A 

NF  total  number  of  fibers  in  the  module 

PI  local  permeate  total  pressure  In  the  fiber  bore 

P1L  total  permeate  pressure  at  the  open  end  of  the  fiber 

P2  feed  side  total  pressure 

R  universal  gas  constant 

T  temperature 

Y1A  local  mole  fraction  of  A  in  the  permeate  stream 

y2a  local  mole  fraction  of  A  in  the  shell  stream  (feed  side) 

z  distance  from  the  closed  end  of  the  fiber 

2w  the  effective  length  of  the  fiber 

zl  total  length  of  the  fiber 

h  viscosity 

subscript  0  indicates  the  residue  end  of  the  module 

l  indicates  the  permeate  exit  end  of  the  module 

1  the  permeate  side 

2  the  shell  side  (feed  side) 

A  or  B  indicates  component  A  or  B 


’.  A  , 


28 


cross  section  of  an  asymmetric  hollow  fiber 


Figure  l  A  highly  simplified  description  of  the  permeation  resistance 
of  a  hollow  fiber  wall. 
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Flqure  8  Effects  of  feed  composition  on  membrane  area  requirement 

relative  to  NF=  9xl05.  Fiber  ID=  150  wm.  0D=  300  yin. 
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figure  10  Effects  of  feed  pressure  on  membrane  area  requirement 

relative  to  NF=  9x10^.  Fiber  ID*  150  pm.  00*300  pm. 
44.1  psia. 


Dh/D0  ,  where  p  is  the  pressure  of  the  penetrant  in  the  gas  phase. 


T»b1e  3  Effects  of  permeate  pressure  build-up  on  the  performance  of  a  hollow 
fiber  separator. 
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Table  4  The  effect  of  fiber  length  on  separator  performance.* 


fiber  length,  cm 

fractional 

COg  recovery 

permeate 

product 

YC0£.L 

res i due 
product 

Y 

ch4.o 

total 

stage 

cut 

ID 

304.8 
(10  ft) 

0.27 

0.86 

0.62 

0.14 

=  50  pm 

152.4 
(5  ft) 

0.22 

i 

0.90 

0.61 

0.11 

No 

permeate 

pressure 

build-up 

“ 304.8 

0.778 

0.920 

0.838 

0.381 

152.4 

0.490 

0.946 

0.700 

0.233 

*At  the  same  operating  conditions  as  shown  in  Table  3. 


Table  5  Effects  of  dual -node  competition  on  CO^/CH^ 
separation.* 


)2/CH^  mixture,  YCQ  ■  0.45  ,  Polysulfone  at  35°C 


competition  no  competition 


C02  recovery  to  the  permeate 


0.722 


0.750 


CHj  recovery  to  the  permeate 


0.050 


0.062 


permeate  product  Y, 


0.922 


0.908 


residue  product  Y. 


0.806 


0.820 


permeate  production  rate 
SCFH 


local  C02/CH4 


flux  ratio 


44,594 


10.27 

15.06 

21.50 


47,023 


12.32 

16.85 


♦At  the  same  operating  conditions  as  shown  in  Table  3. 


Table 


£  Effect  of  dual  mode  competition  on  He/CH^  separation.* 


Lexan  Polycarbonate,  35°C.  CH^/He  mixture 


feed  YHe  -0.01 

. 

VH,  ■  0-’ 

« 

He 

recovery  to 

the  permeate 

competition 

no 

competition 

competition 

no 

competition 

0.579 

0.669 

■ 

n 

ch4 

recovery  to 

the  permeate 

0.069 

0.069 

0.075 

n 

permeate 

product 

YHe 

0.078 

0.089 

0.522 

■ 

permeate 

production 

rate,  SCFH 

10,572 

10,709 

20,004 

21,275 
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